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ABSTRACT 
Soluble chemicals applied to land as fertilizers or manures may adversely affect 
surface runoff and subsurface drainage water quality if they are transported from the land 
during rainfall-runoff events soon after application. Use of time domain refletometry (TDR) 
methods may help researchers better understand how solutes are transferred from soil to 
surface runoff, affecting solute concentrations and losses. The method has the advantage of 
proving "real-time" results without disrupting the system. With regard to the rate of nutrient 
application, higher rates usually cause greater losses of solutes through surface runoff and 
subsurface drainage. A laboratory experiment was conducted to study the effects of 
application rate and soil surface cover condition on solute concentrations and losses in 
surface runoff. To meet the goal of trying to better understand how solute is transferred from 
soil to surface runoff, an analysis of relationships between electrical conductivity (ECb) in a 
thin top layer of soil measured by TDR and the solute concentrations in runoff water was 
performed. 
More specifically, the amount of solutes, both orthophosphate-phosphorus (PO4-P) 
and total dissolved solids (TDS) in surface runoff water as affected by the amount of Padded 
to soil, and reducing rainfall energy were investigated using rainfall simulation and TDR 
under laboratory conditions. The objectives of this study were to determine 1) what 
relationships exist between both TDS and PO4-P in surface runoff and the ECb measured by 
TDR in the top layer of soil, 2) how rates of added P for a Nicollet soil affect top soil layer 
ECb, and TDS and PO4-P in surface runoff under the soil surface cover condition with and 
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without a screen, and 3) how the hydrologic conditions including volumetric water content 
as determined by TDR are affected by the treatments mentioned above. 
The soil used in this project was Nicollet soil, sieved with 1.3 cm sieve firstly to 
obtain a reasonable degree of fineness without appreciably destroying the original soil 
structure. Soil, allowed to partially air dry in the laboratory, was sifted through a 2.5 mm 
sieve and then thoroughly mixed. Two plastic runoff pans 83.5 cm long by 42.3 cm wide, 
resulting in a 3490 cm2 rainfall collection area, were used. The treatments of 0, 50, 125, 300, 
600 ppm ( on a dry weight of soil basis) of added mono basic amonium phosphate (MAP) 
were dissolved in water and sprayed on soil as it tumbled in a mixer. The soil was incubated 
in plastic containers for a period of 30 days to allow the MAP to interact with the soil, before 
using with rainfall simulation. From the chosen bulk density of 1.1 g/cm3, calculated amounts 
of soils were packed into runoff pans in three 2.54-cm layers, for a total soil depth of 7.6 cm. 
Two TDR probes per pan were inserted into soil 2 cm below the soil surface. Simulated 
rainfall was applied at an intensity of 6.5 cm/h for 64 min to the packed soil pans, either with 
or without a window-screen cover. Surface runoff water was sampled and analyzed for PO4-P 
and TDS concentrations. TDR was used to simultaneously measure ECb in top layer soil. The 
results of this laboratory rainfall simulation indicated that EC in the top soil layer (mixing 
zone) was linearly related to both TDS and PO4-P concentrations in surface runoff when the 
soil received added Pat rates of 125, 300, and 600 ppm (the relationships were not 
statistically significant for the 0 and 50 ppm treatments). Statistical analyses indicated ECb 
and PO4-P or TDS versus time might be expressed as power function. Added P significantly 
increased the ECb in the top layer of soil as well as TDS and PO4-P concentrations in runoff. 
Whether the soil pans did or did not have a screen cover did not effect ECb in top soil layer or 
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TDS or PO4-P concentrations in runoff water. But the screen cover significantly affected 
volumes of surface runoff, and subsurface drainage from the soil pans. Therefore, the losses 
of TDS and PO4-P in the surface runoff and subsurface drainage are significantly affected. 
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CHAPTER!. GENERALINTRODUCTION 
Introduction 
Agricultural chemical losses from cropland with surface runoff, sediment, and 
subsurface runoff represent environmental, economic, and energy concerns. In considering 
the effectiveness of agricultural management practices in controlling water quality problems, 
whether chemical concentrations, chemical losses, or both need to be controlled is 
particularly important (Baker, et al, 1983). Generally, the solute transport process can be 
monitored in the field. However, traditional methods for measuring solute concentrations, 
such as a solution sampler, either are limited to a relatively narrow range of soil water 
contents or require destructive sampling (Dalton, et al., 1986). 
Time domain reflectometry (TDR) has become increasingly popular for the 
determination of soil water content (Topp et al., 1980) and bulk soil, ECb (Dalton et al., 
1984). Measurement of water content in porous media is one of the major interests in many 
disciplines. Although gravimetric sampling for water content is the most accurate method, 
soil samples must be removed from a soil mass in a destructive manner, and the results are 
only good for the time of sampling. Therefore, TDR represents an alternative nondestructive 
method that can be used to measure soil water content continuously as a function of time. In 
addition, vertical solute movement in soil can be determined by TDR through simultaneous 
measurements that relate to soil ECb. 
Generally, two dependent processes have a close relationship with solute movement. 
One is surface runoff, and the other is infiltration/leaching. Therefore, monitoring soil water 
2 
movement and soil solution concentration are important to understand solute transport 
processes. 
The overall goal of this study is to use TDR technology in the laboratory to study 
methods to relate chemical concentrations in the soils, such as PO4-P or nitrate nitrogen 
(NO3-N) to their concentrations in surface runoff, subsurface drainage, and as also affected 
by water movement through the " thin mixing zone". Improving/ increasing the 
understanding of infiltration/ solute-dissolution processes at the soil surface should help in 
the development of improved management practices to reduce soluble chemical runoff 
losses. 
The objectives of this study were to determine 1) what relationships exist between 
both TDS and PO4-P in surface runoff and the EC measured by TDR in top layer of soil, 2) 
how rates of added P for a Nicollet soil affect top soil layer ECb, and TDS and PO4-P in 
surface runoff under the soil surface cover condition with and without a screen, and 3) how 
the hydrologic conditions including volumetric water content is determined by TDR and 
affected by the treatments mentioned above. 
Thesis Organization 
This thesis summarizes the results of a set of experiments conducted in 2000 and 
2001 and presents the related information in four chapters. The first chapter focuses on 
general introduction, and organization of this thesis. The second chapter consists of a 
literature review. It provides the prior research performed in the area of solute fate and 
transport, and the use ofTDR in determining solute concentrations of the soil. The review 
describes TDR methods and influencing factors. Further review of research addresses the 
solute movement from the soil surface mixing zone to water resources through surface 
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runoff, and with subsurface drainage through the soil matrix. Finally, the use of chemical and 
physical information to reduce solute losses is discussed. The third chapter reports on the 
laboratory rainfall simulation study in which orthophosphate-phosphorous (PO4-P) 
concentrations were measured in the runoff and subsurface drainage from the soil pans, 
which were treated with five different rates of added P. The effects of rainfall energy using 
pans with and without a screen cover are also described in this chapter. At the same time, 
during the simulated rainfall-runoff events, volumetric water content and soil bulk electrical 
conductivity (ECb) in top soil (2 cm deep below the soil surface) were measured by TDR, 
and relationship between solute concentrations in the runoff and EC in the top soil were 
discussed. General conclusions and recommendations for further research are given in the 
fourth chapter. Chapter three is organized into a paper format for submission/presentation at 
the ASAE international meeting in Chicago in July, 2002. Appendices for chapter 3 follow 
chapter 4, they include laboratory rainfall simulation water balances, water quality data, and 
SAS analysis results data (tables and figures). 
Literature cited 
Baker, J.L., and J.M. Laflen. 1983. Runoff losses of nutrients and soil from ground fall-
fertilizered after soybean harvest. Transactions of ASAE 26: 1122-1126. 
Topp, G.C .. 1980. Electromagnetic determination of soil water content: measurements in 
coaxial transmission lines. Water Resour. Res. 16:574-582. 
Dalton, F.N., W.N. Herkelrath, D.S. Rawlins, and J.D. Rhoades. 1984. Time-domain 
reflectometry: simultaneous measurement of soil water content and electrical conductivity 
with a single probe. Science 224 (Washington, DC):989-990. 
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CHAPTER 2. LITERATURE REVIEW 
TOR Methodology 
Dielectric constant (K) 
The dependence of the dielectric constant ( K), at frequencies between 1 MHz and 1 
GHz, on volumetric water content is determined by Topp (1980). It is a kind of electrical 
property of soils, which is also called complex dielectric constant, and dielectric constant 
includes a real part and electric loss. Electric loss is small and does not significant alter the 
measured propagation velocity. Therefore Topp (1980) called K the apparent dielectric 
constant because he ignored the electric constant in his consideration the relation between K 
and volumetric water content. Different soil textures can have different dielectric constants 
(in some literature it is referred to as relative permittivity; Noborio, 1998). Air's K is 1 
(lowest comparable to other materials), and for water at 20 °Cit is 80 (highest comparable to 
other materials). The K of a mixture of materials is related to an average of the K's of its 
components. The basic equation used to determine K by TDR is 
v=coK-o.s [2.1] 
Where v is the velocity at which the signal propagates in a cable or other wave guide, and c0 
is the velocity of light in a vacuum. 
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Figure 2.1 Diagram of a Probe and Wave Form 
To convert from time to distance, the TDR cable tester uses equation [2.2] because 
the TDR is used to measure time not distance. In order to display distance on the horizontal 
axis of the screen, the cable tester internally converts measured times to distance. The 
propagation velocity v, is used to make the conversion. 
d=vt [2.2] 
Where dis the one-way distance, and tis the one way travel time. 
From equations [2.1] and [2.2], the apparent electric constant, K can be calculated: 
[2.3] 
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Where t1 is the two-way travel time, and L the distance between the impedance 
changes. In this case, v=2L/t1• Using this equation, the volumetric water content can be 
measured with TDR (Figure 2.1 ), as discussed below. 
Soil volumetric water content (0v) measurement with TDR 
Due to the K of water being much larger than other soil constituents, the apparent 
dielectric constant can be used for measuring soil water content (Noborio, 1998). Topp et al. 
(1980) developed a much used equation: 
[2.4] 
Malicki et al. (1996) developed another equation which includes soil bulk density 
0v= (K O.S -0.819-0.168pb-0, 159pb2) / (7.17+ 1.18pb) [2.5] 
Literature Review of TDR Used to Measure Soil Bulk Electric Conductivity 
To help in development of improved agricultural management practices, information 
about the chemical composition of the soil solution is useful in studies of nutrient uptake by 
plants and the assessment of solute transfer from soil to surface runoff as a function of depth 
and time. To obtain this information, one approach would be to sample soil and water in situ. 
In order to obtain data efficiently, TDR can be used for the determination of soil ECb. The 
soil ECb is considered an important property in agricultural practice, as it usually serves as an 
indicator of soil salinity in the field. 
The TDR technique for determining volumetric water content (0v) depends on the 
travel time of an electronic pulse through a wave guide ( or TDR probe) inserted in the soil. 
Topp (1980) and other early researchers determined travel times in TDR probes by fitting 
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tangent lines to wave forms by hand, either reading directly off the instrument screen or 
working with photographs of the screen. On the other hand, Dalton et al. (1984) showed that 
TDR can also be used for the measurement ofECb with the same sensor and the same 
volume of soil. 
1st DERIVATIVE 
VOLTAGE 
STEP PROBE WAVE 
FORM 
Figure 2.2 Typical TDR wave form of a two-rod TDR probe 
Impedance (Z) 
The basic principle for doing that was discussed by Nissen (1998) with Fourier-
transform theory showing that the low frequencies in the frequency domain correspond with 
long times in the time domain. Therefore, the total resistance, which is equal to the 
impedance at low frequencies, can be obtained from the amplitude of TDR signal at very 
long time (Topp et al., 1988; Nadler et al., 1991). The first step in using the TDR is 
producing electromagnetic (EM) waves which are launched into a wave-guide, and then 
measuring the voltage amplitudes of the reflected EM waves (Nissen et al, 1998). He also 
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described the reflection coefficient (p) as the ratio between the voltage amplitude of reflected 
EM wave (VR) and the voltage amplitude of EM waves originally transmitted from the cable 
tester (V 0). In Figure 2.2 illustrates a waveform obtained from a 2-rod TDR probe, where 
voltage step is V 0, and the voltage from the base line to the highest point of waveform is V R• 
The top curve of this figure is the first derivative. pis a function of the impedance in the 
waveguide before (Zo) and after (ZL) a change in impedance. Two basic theories for the 
electromagnetic representation of a waveguide are used to derive the bulk soil ECb from p, 
named distribution and lumped circuit theory, respectively. If the travel time of EM waves in 
a waveguide is short compared with the duration of the transmission of the waves such that 
the voltage at all positions along the waveguide has reached the same constant value before 
the transmission is terminated, the waveguide can be treated as a lumped circuit element 
(Nissen, 1998). In waveguides of normal length, the duration (time) of transmission of EM 
waves from a cable tester is long compared with the travel time of EM waves in the 
waveguide. Thus the TDR probe embedded in the soil can be viewed as a lumped circuit 
element with impedence ZL at the end of low-loss waveguide with a characteristic impedance 
Zo. 
[2.6] 
Soil bulk electrical conductivity (ECb) measurement with TDR 
p can be obtained by measuring V R and VO shown on the TDR waveform. ZL can 
then be represented by p and Zo. By measuring ZL in soil, a simple ZL-ECb relationship can 
be established as done by Topp et al. (1988), and Heimovaara et al. (1995): 
[2.7] 
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Where fT is the temperature factor. Vogeler (1996) introduced that it can be determined with 
Table 15 U.S. Salinity laboratory Staff, (1954). K: is the cell constant of the triple-wire TDR 
probe, (m-1). ZL is the impedance of the sample(Q). 
For determination ofK:, one only needs two pairs of values of known conductivity, 
EC measured by EC meter, and ZL measured by TDR. However, higher accuracy can be 
obtained with more data pairs. It is not necessary to take the temperature factor into account 
to calculate the cell constant K: when the reference measurement with the laboratory 
conductivity meter is done on the same sample at the same temperature. 
TDR offers the possibility of determining ECb mentioned as above. Nissen (1998) 
indicated that it is desirable to know the soil-water electrical conductivity (ECw) instead of 
ECb. Most models except the one by Rhoades et al. (1989) assume linearity between ECw and 
ECb at constant 0v and at all ECw values. 
Factors influencing TDR measurement 
Probe type 
Niborio (1998) discussed the probe type. Generally, probe types include use oftwo-
wires (rods) or three-wires (rods). A two-wire type probe with an impedance-matching 
transformer, necessary in theory, has been popular for measuring 0v.But it was not suitable 
for measuring electrical conductivity because the signal's amplitude after the final reflection 
decreased due to low frequency attenuation. On the other hand, some researchers used a two-
wire type probe without the transformers for water content measurement (Niborio, 1998); 
however, Patterson et al. (1985) warned that it could increase measurement uncertainties 
because of the risk of encountering stray voltages and currents. 
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The three-rod type probe generally gives simpler waveforms than does a two-rod 
probe (Niborio, 1998), and there is no need for using the impedance-matching transformer 
because it simulates a coaxial cell (Zegelin et al., 1989). The simpler waveforms enable 
better definition of a signal's travel time along a probe length (Zegelin et al., 1989). 
Material and length 
Stainless steel rods have been predominantly used for making probes in recent years 
(Niborio, 1998). In theory, probe length does not affect the accuracy of measurement in 
non-conducting media. However, determination of reflection points on TDR waveforms and 
calculation of K are very sensitive to small error in La, apparent waveguide length determined 
by K and greater errors may be more introduced by use of short probes (L< 0.1 m; Stein et al., 
1985). Small errors in determining La, especially for dry soils having small K (2-5), induce 
larger uncertainties in relation to longer probes. Topp (1984) suggested using a probes with L 
~0.1 m. 
Spacing (s) and diameter (d) of rods 
The effects of the spacing and diameter of rods on the signal attenuation in 
conducting media have not been investigated (Niborio, 1998). However, Knight (1992) 
suggested that for design of two- or three-rod type probes, dis should be less than 0.1 so that 
not too much of the energy is concentrated around the wires. In order to discuss the 
distribution of K, Ferre et al. ( 1996) assume water contents are constant in the plane 
perpendicular to the probe, and only the averaging of water contents varying axially along 
the probe is considered. Axial averaging of apparent relative dielectric permittivity can be 
examined by considering the probe as a series of consecutive regions. Previous experimental 
results have shown that the volume "sampled" by a twin rod TDR probe is concentrated 
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between the rods with the greatest sensitivity in close proximity to the surface of the rods 
(Baker and Cassano, 1989). A subsequent theoretical analysis showed that in a homogeneous 
medium, the nonuniform distribution of instrument sensitivity in the transverse plane is 
controlled by the diameter and separation of the rods. 
The results suggest that both the volume occupied by and the spatial distribution of 
the constituent materials will influence the weighting of dielectric properties by TDR. 
Probe installation and spatial sensitivity 
Topp et al. (1982) found the rods of probes packed with the air-dry soil consistently 
read lower 0 than the rods installed after soil was moistened. It was concluded by Annan 
(1977) that air gaps around probes in soil could cause serious error in determination of K. 
However, ECb of soil determined by TDR is insensitive to the quality of contact between 
rods and soil (Nadler et al., 1991). 
Baker et al. (1989) found experimentally that the sensitivity using water was largely 
confined to a quasi-rectangular area of about 20 by 65 cm surrounding the rods with no 
significant variation in sensitivity along the rod length. Heimovaara, et al. (1990) showed the 
wave form differences somewhat among the results from the use of parallel probes used by 
Topp et al. (1984) or Dalton et al. (1986). The reason for this is the different geometry of the 
probes and the lack of a balun. Each probe that is installed in the soil has its own unique 
reflection pattern (Heimovaara et al., 1990). Because soils are heterogeneous, one or more 
additional reflections can occur in a wave form, or noise might be introduced by extra 
connectors or other small discontinuities. 
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Soil texture, soil bulk density, and temperature 
Topp et al. (1980) found K of soil (homogeneous soil) was not strongly sensitive to 
temperature (10 to 36 °C), soil texture (clay to sandy loam), bulk density of soil (1.14 to 1.44 
g/ cm3) for non-swelling soil, and soluble salt content for soils (moistened with salt-free 
water, 0.01 N CaSO4, or 2000 ppm NaCl solution). 
Relationship between solute concentration and ECb 
Vogeler et al. (1996) conducted studies under steady-state conditions. Their approach 
neglected the possible effects of exchange between K+ and Ca2+ ions in the soil on the ECb. 
During flow through a soil maintained at a constant water content, the ratio of the velocity of 
an inert-solute front to that of a relative one is called the retardation. The retardation of a 
reactive solute can be used to infer the slope of the soil's adsorption isotherm, namely Kf. 
Vogeler et al. (1996) also assumed that the vertically installed probe measures the average 
water content and solute resident concentration over its entire length, regardless of the 
distribution. A horizontally installed probe, however, measures these properties at a specified 
depth. Jacobsen et al. (1993) found that while bulk density, clay content, and organic matter 
content each influence the dielectric behavior of a soil, bulk density had the largest influence 
on ECb. 
During the calibration measurements, exchange between the native Ca 2+ and added 
K+ is likely to have occurred (Vogeler et al., 1996). This cation exchange results in a 
decrease in the measured ECw of the soil solution, compared with the electrical conductivity 
of the added solution, of between 63-82%, depending on the concentration of the added 
solute. However, this decrease could also be due in part to an adsorption of er or a double-
layer effect (Rhoades et al., 1989). The decrease shows the importance of measuring the 
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electrical conductivity of the soil solution, instead of assuming it to be the same as that of the 
added solution. It is impossible to determine the accurate ion concentrations of a solution 
with TDR unless the solution contains only one pair of ions, and it is still necessary to take 
samples of the soil water and compare the results of sample analysis with ECw measurements 
obtained with TDR (Nissen et al., 1998). 
Three basic factors affect the ion mobility in the bulk solution: the concentration of 
the soil solution cross section at the unsaturated state, the distance from the solid surface, and 
the specific geometry of the pores containing soil solution. 
The ion mobility very close to the solid surface would be considerably diminished 
compared to the mobility at the central part of the pores, and to account for that, one may 
consider as an approximation an immobile zone in the immediate vicinity of a solid surface. 
Success or failure of TDR to accurately measure solute concentrations depends 
strongly on the appropriateness of the calibration procedure being used. A linear relationship 
between Zand Chas been observed for instance by Ward et al. (1994) for different values of 
water content. But this determination only works well under the condition of relatively 
homogeneous sandy soil or repacked soil columns (Kachanoski et al., 1992; Ward et al., 
1994). However, calibrations may become problematic for soils exhibiting small-scale 
heterogeneities due to the presence of macropores, immobile water regions, or low-
permeability zones (Mallants et al., 1996). It was also noted that is problem if zones of low 
permeability and/or stagnant water are present within the sampling volume of TDR probe; 
the solute may then require an inordinate amount of time in order to spread uniformly by 
diffusion across the entire cross-section of the column. So use of water-saturated soil 
columns is a good idea. 
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A linear relationship is generally observed between the resident solute concentration, 
C, and ECb for constant water contents ranging from relative dry to saturation, and for 
salinity levels ranging from Oto approximately 50 dS m-1(Ward et al., 1994): 
C=a+~ECb 
Where a and~ are constants. 
ECb =Kc/Z-Zcable 
[2.8] 
[2.9] 
Where Kc is the cell constant of TDR probe (m-1), Zcable is the resistance associated 
with cable, connectors, and cable tester. For salinity levels less than ~o.3 S m-1, Zcabte «Zin 
Eq. 2.9 and is therefore omitted (Mallants et al., 1996). It was mentioned that when the cable 
resistance, Zcable = 0.2 Q, was accounted for (using a 50 Q coaxial cable approximately 2 m 
long), a perfect linear relationship was found between solution EC and TDR-measured EC, 
with the slope, equal to Kc, 2.937 m-1• The cell constant Kc was obtained by measuring Z 
when immersing the TDR probe in five different salt solutions of known conductivity 
ranging from Oto 1.2 S m-1 (Nadler et al., 1991; Heimovaara et al.,1995). 
Another use ofTDR is determining relative solute concentration. The equation is: 
C(x,t)= (Z x/-z i-1)/(Z o-1 -Z 1-1) [2.10] 
It shows that, under steady flow conditions (i.e., constant soil water content), the 
relative solute concentration C at a particular depth, x and time, t, can be derived from the 
measured impedance Z x,t if appropriate values of Z1 and Z0 are available (Lee, 2000). In 
order to relate Z with C, some researchers think that it is further necessary to describe ECb as 
a function of the ECw and 0v, For a given 0v, the relation between ECb and ECw may be given 
in a linear form (Rhoades et al., 1976): 
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[2.11] 
Where ECs is EC in the interface between cable and probe rods. 
Rhoades et al. (1989) interpreted T as the mobile water content fraction (soil water in 
the large pores). 
TDR offers the possibility of determining the bulk soil electrical conductivity (ECb) 
of the soil, which is linearly related to concentration of a certain salt solution. But Nissen 
(1998) thinks that it is more desirable to know the ECw instead ofECb in most applications 
within soil science. 
And Vogeler (1996) established another equation: 
ECw=[ECb-(C1-C2)]/(C3-C4) [2.12] 
Where C1, C2, C3, and C4 are constants. 
Nissen (1998) introduced a relationship obtained by Weast (1982) from data pairs of 
ECw and HNO3 concentrations ranging from Oto 0.05 mol/L: 
C No3- = -0.3 xl0-3 +8.79 xl0-2 ECw [2.13] 
Agricultural Nutrient Management 
Environmental Phosphorous 
The P content of soil exists and can be measured in several forms: inorganic-P, 
organic-P, total-P, and some index of plant available-P. The total-P content of most mineral 
soils falls between 200 and 1500 ppm; on this basis, total-P would fall between about 400 
and 3000 kg ha-1 for the 15-cm surface layer of soil. Soil solution P consists of soluble 
inorganic P (often termed PO4-P) and soluble organic P. Soluble Pin the soil generally is 
present at background or natural levels below 0.01 mg/L (EPA, 2000). The amount of P that 
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is exported from a system of low productivity, such as a native forest, into streams and lakes 
is not significant in terms of its effect on fertility of the land, but could be significant in term 
of water quality (Camara, 2001) because Pis a key factor in controlling the change of the 
trophic state in freshwater systems and also usually the single most limiting nutrient for 
growth of phytoplankton. 
Nitrate-nitrogen (N03-N) Loss 
Nitrogen fertilizers applied to cropland are of considerable importance because of the 
yield-increasing benefits they provide (Hamlett et al., 1990). But many researchers have 
shown that there is a considerable potential for N03-N leaching losses with subsurface 
drainage water. Baker et al. (1975) found that even with modest N fertilization of com, N03-
N concentrations in tile drainage often exceeded the 10 mg/L drinking water standard in 
Iowa. Surface runoff can also carry N03-N, but these losses are generally less than those with 
subsurface drainage. In any case, minimizing N03-N losses from agriculture lands is of 
considerable concern. 
Phosphorous (P) Loss 
Soil test results show that the available P content of most cropped soil in northeast 
U.S. has climbed to the high or very high range, although the P content of most soils under 
natural conditions is low (Camara, 2001). The problem is that many soils contain higher P 
levels than needed by plants because of excessive manure and P fertilizer applications which 
have increased the levels of available Pin the soil (Sharpley et al., 1994). Rainfall amount 
and intensity are key factors for the transportation P from soil to surface runoff. During a 
rainfall event, P is transported in dissolved (DP) and particulate (PP) forms. But most often P 
loss is dominated by PP which is sediment-attached (Haygerth et al. 2001). DP is 
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immediately available for biological uptake for the most part, and PP availability can vary 
from 1 0 to 90%. DP and bioavailable PP constitute bioavailable P (BAP) or P available for 
assimilation by aquatic life (Camara, 2001). The tranport of P to water bodies depends on 
many factors including climate, hydrology, soil type, soil P content, agronomic practices, and 
landscape position (Lemunyon et al. 1993; Heathwaite, 1997; Camara, 2001). For example, 
extended time of rainfall can result in P loss from soil and an increase in the risk of P 
transport to water bodies through leaching, erosion, and runoff processes (Sharpley et al., 
1994; Lennox et al., 1997). Pietilamen et al. (1991) and Sharpley et al. (1992) observed that 
60-90% of P lost from cropland came during big storms. Inorganic P escaping the field by 
the erosion process is directly related to P transport from soil surface to fresh water bodies, 
and similar linear relationships between the PO4-P levels in runoff and soil P test levels in the 
top 5 cm of soil exist for cropland and pastures (Sharpley et al., 1986). A number of studies 
have been done in the areas of physical and chemical methods for controlling nutrient losses. 
The soil resource can be benefit from proper nutrient management. Edwards et al. (1993) 
found the quality of both runoff surface and subsurface drainage can be preserved when 
practices, such as timing and proper land-application rate of manure are incorporated into the 
plans. Planting vegetative filter strips (VFS) between agricultural areas and the water bodies 
into which those areas drain is another specific measure to minimize P losses by erosion and 
runoff. This practice is successfully used in northeastern Story County in central Iowa for 
safeguarding water quality from nonpoint source of pollution of the Bear Creek Watershed 
(Hamilton, 2000). Certain best management practices (BMPs) are also an effective measure 
at reducing agricultural export of P losses (Camara, 2001). The use of methods to protect 
against surface sealing by covering the soil surface with crop residue can help alleviate 
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transport (Baker et al. 1982). Previous research has indicated that polyacrylamide (PAM) soil 
amendments can be effective in reducing runoff volume and soil erosion by reducing soil 
surface sealing and stabilizing soil structure (Peterson et al., 2001; Wallace et al., 2001; Lentz 
et al., 2001). With subsurface drainage also a transport mechanism, some research has 
described measures to reduce leaching. Localized compaction and doming (LCD) fertilizer 
application equipment can affect water movement through soil and anion leaching (Ressler et 
al., 1997 and 1998). Kiuchi et al. (1994 and 1996) showed that subsurface flow barriers 
reduced the peak anion concentrations in leaching water by an average of 25% compared 
with other treatments. Ridge tillage can also pay a role. Hamlett et al. (1990) in a field 
experiment showed that placement of anions in the elevated portion of the ridge reduced their 
leaching. The point-injector fertilizer applicator (PIFA) is a useful tool to improve fertilizer 
management with conservation tillage. Fertilizer can be injected with conservation tillage to 
reduce NH3 volatilization, N immobilization at the surface, and P and K stratification without 
destroying soil-protecting surface crop residue (Baker et al., 1989). This is particularly 
important with respect to ridge tillage and N, and its potential losses through leaching 
compared to a similar application with flat tillage, even when total water movement through 
both systems is comparable. 
Total Dissolved Solids (TDS) 
TDS in water supplies originate from natural sources, sewage, urban and agricultural 
runoff, and industrial wastewater. They are comprised of inorganic salts (principally calcium, 
magnesium, potassium, sodium, bicarbonate, chloride, and sulfate) and small amounts of 
organic matter that are dissolved in water. In the public health field, TDS can have an 
important effect on the taste of drinking water. The palatability of water with a TDS level of 
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less than 600 mg/L is generally considered to be good. Water with concentrations of TDS 
below 1000 mg/L is usually acceptable to consumers. So far, no health-based guideline value 
for TDS has been proposed. Other than the U.S. Environmental Protection Agency (EPA) 
secondary standards for TDS in drinking water (500 mg/L), there are no water quality 
standards for TDS. Murphy (2000) discussed that the increase in TDS is partly due to 
geology of the Broulder Creek in Colorado, and partly due to humans effects on the 
watershed. The sampling sites in the plains of this watershed are also subjected to more 
human influences, such as road runoff and fertilizer runoff. 
Mixing Theory and Transfer of Solute from Soil to Runoff 
Raindrop Energy 
Raindrops strike the soil surface with significant kinetic energy. Hudson (1995) 
illustrates the difference in kinetic energy associated with flowing water versus that for 
impacting raindrop, and rainfall has 256 times more kinetic energy than an equivalent 
volume of flowing runoff water. The most important soil processes for crop production and 
many of the most important processes affecting the environment occur in soil pores. Soil 
properties, such as particle size and soil aggregates, affect soil pore size and distribution. Soil 
particle size distributions are not easily changed. However, soil aggregation on many soils 
can be affected though management practices. Most soils will develop a surface seal during 
rainfall if the soil surface is not protected from raindrop impact. Protecting the surface from 
raindrop impact, for example with crop residue, limits surface seal development, and helps 
maintain higher infiltration rates. 
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Water movement in the soil 
Water moves more than 1000 times faster in some soils than it moves in other soils. 
On the other hand, in the same soil, water can sometimes move more than 1000 times faster 
than it can at other times. If water moves too slowly into and through soil, surface runoff is 
generated which may cause soil erosion and surface water quality problems. If there is very 
fast water infiltration and movement, there are no immediate surface water quality problems. 
However, groundwater quality problems maybe be created. 
Water potential differences between two positions which includes matric potential 
and gravitational potential cause water to move. Gravitational potential effects are more 
important for water infiltration and drainage, and matric potential differences are more 
important for plant water uptake and water evaporation. Another important concept is 
hydraulic conductivity. There are two different types of water flow - saturated flow and 
unsaturated flow. Saturated flow only occurs when the pores are filled with water, and the 
soil is saturated. Water moves primarily through the large pore spaces and is held very 
loosely by the soil particles. Unsaturated flow occurs when the pore spaces are not filled with 
water. Water is held on soil particles and moves only on those particle surfaces. Hydraulic 
conductivity increases with soil water content and is highest for saturated soil. With low 
water contents, the water film on the soil particles are very thin. Water flow in thin films is 
very slow. Soil properties which affect pore size, shape, and continuity have large effects on 
saturated conductivity. Infiltration, especially for large intense rainfalls, is controlled by 
saturated flow. Therefore, pore sizes and distribution are very important. 
During a rainfall event, the soil becomes weaker as it becomes wetter (matric 
potential increases). As soil weakens, the impact force of raindrops more detaches particles 
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from aggregates. Another possible reason is percent saturation of the soil. With a matric 
potential of zero, the soil is 100% saturated. But the soil may be still saturated when its 
matric potential is less than zero, if the soil pores are small enough to hold water against 
drainage. this can happen for fine textured soil ( small particles), for compacted soil, or for 
surface seals that develop during a rainfall. 
During a rainfall, the bulk density may be increased because of soil surface sealing, 
and porosity decreases. Low sub-seal water content may cause the matric potential of seal to 
be less than zero. But water can be still held in small pores (large pores can become filled 
with detached soil particles), and the seal layer is still saturated, although it is not 100% 
saturated as normal porosity (before rainfall). The two most important changes on soil 
surface that affect soil shear strength (which is form affects soil detachment) are bulk density 
and matric potential. As bulk density increases, shear strength increases and detachment 
decreases (Cruse and Larson, 1977). As matric potential (water content) increases, shear 
strength decreases and detachment increases. Generally, the matric potential has the greatest 
effect (Cruse and Larson, 1977). During the rainfall, The detached particles may be splashed 
( or moved) by falling raindrops many times, and these detached particles may also be 
transported in surface runoff water. However, the process of splashing and moving particles 
by raindrop impact causes these particles to pack tightly together. This causes increased bulk 
density. 
Chemical transfer to surface runoff 
Rainfall impact increases the transfer of chemicals from soil solution to surface 
runoff. This transfer can be described by modeling. Emmerich et al. (1989) mentioned four 
important mechanisms in the pickup of chemicals by overland flow during a runoff-
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producing rainfall event. One is diffusion and turbulent transport of a dissolved chemical 
species by movement of soil water into the overland flow. Two is desorption of the chemical 
species from soil particles into the soil water or directly into overland flow. Three is 
dissolution of solid phase chemicals on or near the soil surface into the soil water or overland 
flow. And four is scouring of solid phase chemicals or soil particles by hydraulic forces with 
subsequent transport and dissolution or adsorption-desorption while in transport. In order to 
use the mixing chemical transport model, Emmerich et al. (1989) made some simplifying 
assumptions. One is that the chemical available for surface exchange and transport is soluble 
and there is no adsorption or desorption (however, equilibrium adsorption-desorption could 
be included). Two is that a finite soil mixing depth exists in which chemicals in the soil 
interact with the surface runoff water. Three is that chemicals from the water in the soil 
mixing depth, from surface runoff, and from rainfall are mixed completely and 
instantaneously in the mixing zone. Therefore, the surface runoff and soil mixing depth water 
always have the same chemical concentrations. Four is that there is no diffusion or dispersion 
of chemicals into the mixing zone from soil below the mixing depth. Five is that the 
infiltration rate is spatially uniform, but unsteady. And six is that the kinematic wave 
approximation is valid for surface runoff. Because of the complexity of the exchange and 
transport processes, these simplifications have been made in model development. 
Mixing zone concept 
Most soils will develop a surface seal during rainfall if the soil surface is not 
protected from raindrop impact. Some soils develop surface seals that limit infiltration more 
than other soils. A surface seal is a thin layer with high bulk density, low porosity, and very 
low saturated hydraulic conductivity. The hydraulic conductivity of the seal controls 
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infiltration rate. If the seal is only a few millimeters thick, it can control the infiltration rate 
even if the soil under the seal has a very high hydraulic conductivity. Protecting the surface 
from raindrop impact force, for example with crop residues, limits surface seal development, 
and it helps maintain higher infiltration rates. To understand surface sealing, Shear stress 
which is a measure of the force that must to applied to a soil body to cause a shear plane to 
develop needs to be considered (Cruse et al. 1977), and there two significant factors for shear 
stress. The first is the degree of cohesion which measures the strength of attraction or 
attachments between soil particles. The second is friction between soil particles. The most 
important factor influencing cohesion is soil texture. Other important factors in most 
agricultural soils are soil organic matter content, structure/condition, and bulk density. 
Generally, as matric potential increases (approaching zero from negative values), shear 
strength decreases. As shear strength decreases, soil detachment increases (Cruse and Larson, 
1977; Al-Durrah and Bradford, 1981). As soil bulk density increases, total porosity and soil 
pore sizes decrease; as this happens, saturated water flow rate decreases. With these basic 
concepts, the changes on the soil surface can be explained. At the beginning of a rainstorm, 
the surface matric potential is very low (the value is negative) and shear strength is high, and 
little detachment occurs, because soil pores are open and conduct water rapidly. As rain 
continues, the surface layer matric potential increases, shear strength decreases, and 
detachment from raindrop impact increases. If rainfall intensity increases, the soil matric 
potential increases, shear strength continues to decrease, and detachment increases further. 
The surface layer matric potential may become zero as rainfall intensity approaches the 
infiltration rate. With a matric potential at or near zero, shear strength is at its lowest and 
detachment rates are at their highest. With high detachment rates, some of the pores on the 
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soil surface become filled with soil particles, and surface layer bulk density increases, and 
thus the infiltration rate decreases. But the hydraulic conductivity of the soil layer under the 
surface seal (the "sub-seal" zone) is protected from the forces of raindrop impact and 
therefore changes very little during the rain event. The ability to conduct water does not 
change, and remains high compared to that of the surface seal. Further, water flow through 
the seal to the sub-seal zone and water flow down away from sub-seal zone control the water 
content ( and matric potential) of the sub-seal zone. Thus, the amount of water supplied to the 
sub-seal zone is reduced because the water flow capacity away (down) from this zone 
remains high. An equilibrium matric potential (less than zero) is reached when the surface 
seal infiltration capacity reaches equilibrium (Edwards et al. 1969). 
Surface sealing can play a role in solute transfer from the soil surface from what in 
considered the "mixing zone" which has been studied by many researchers (Ahuja, 1982). 
They considered that the mixing zone is a certain thin zone in which surface soil and soil 
water mixes completely and uniformly with rainwater. This concept of the mixing zone was 
presumably based on the fact that raindrop impact energy causes considerable turbulence, 
and hence mixing, in the soil and water near the surface. Ahuja et al. (1983) considered the 
overall mechanism of solute transfer from the mixing zone as an accelerated diffusion 
process, and that the conventional convection-dispersion equation could be used to describe 
it. 
Mixing Zone depth 
There are many different considerations relative to the mixing zone depth. When the 
original data were first assembled for the CREAMS model, information on an effective depth 
of interaction (z) was lacking and arbitrarily assumed to be 10 mm. But Ahuja and (1983) 
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found that a value of z closer to 2 mm was more generally appropriate. Factors found to 
influence z included rainfall intensity, soil slope, cover, and residue incorporation; and 
Sharpley (1985a) developed a equation using soil loss to describe the effect of the factors on 
z (mm) for each rainfall event: 
Ln (z) =i+O.58ln (soil loss) [2.14] 
Where i is a function of surface soil aggregation, and soil loss for an individual event is in 
kg/ha. According to these researchers, although a value for d can be calculated for a given 
runoff event, this depth will actually vary with time during an event as well as spatially with 
non-uniformity of the surface soil and slope. However, in modeling, it is generally assumed 
that the mixing zone depth (z) and the saturated volumetric water content (0s) do not change 
with time, and a mass balance equation for a mobile chemical under steady ponding 
condition can be written as (Zhang, et al., 1999): 
(z0s + he) dC/dt = -RC [2.15] 
Where he is a constant ponding depth, z is mixing depth, 0s is saturated volumetric 
water content, C is the chemical concentration in the mixing zone, runoff and infiltrating 
water; t is time; and R is rainfall rate. The solution of this eqaution shows that chemical 
concentration in the mixing zone decreases exponentially with time. However, it was only 
approximately valid under "free" infiltration (Ahuja et al., 1983; Snyder et al., 1985); where 
free infiltration was defined as being infiltration under well drained conditions, and where 
there is no chemical transfer taking place to the mixing zone from the soil below. Smith et al. 
(1993) discussed that soluble P in runoff could be described by a soil P desorption equation. 
It assumes a kinetic-uniform mixing model and may be written as: 
Pr=KPaDBtawP;y [2.16] 
26 
Where Pr is the average soluble phosphorous (SP) concentration in the runoff for an 
individual event (mg L-1), Pa is soil available P content (mg kt1) of the surface soil (0-50 
mm) before each runoff event, Dis the effective depth of interaction between surface soil and 
runoff in SP transport (mm), Bis the bulk density of the soil (Mg m-3), tis the runoff 
duration (min), Wis the runoff water/soil (suspended sediment) ratio, Vis the total runoff 
during the event (mm), and the K, a, and pare constants for a given soil. 
This equation represents a lumped, physically based model for field conditions. By 
appropriate adjustment, this equation can be adapted for use with adsorbed soluble chemicals 
other than P by inclusion of values of the constants (K, a, and P) for the kinetics of release 
from soil of specific chemicals. The equation constants (K, a, and p) and their soil property 
relationships were calculated separately on the basis of laboratory measurements of P 
(Sharpley, 1983), K (Sharpley, 1987), and S (sulfur, Sharpley, 1990). However, the 
assumption of an effective depth of uniform mixing was more adequate for P, K, and S than 
for non-adsorbed chemicals such as nitrate (NO3-N). In the case ofNO3-N, this highly 
soluble chemical tends to move down the soil profile with the initial, infiltrating rain, away 
from the zone of surface runoff removal. Consequently, NO3-N in surface runoff is seldom 
closely associated with antecedent NO3-N contents in surface soil. 
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CHAPTER3 
USING TIME DOMAIN REFLECTOMETRY TO STUDY 
SOLUTE TRANSFER FROM SOIL TO SURFACE RUNOFF 
A paper to be submitted for publication to the Transactions of ASAE and for 
presentation of the ASAE annual international meeting in Chicago, IL 
July, 2002 
J. Zhou, J.L. Baker 
Abstract 
Soluble chemicals applied to land as fertilizers or manures may adversely affect 
surface runoff and subsurface drainage water quality if they are transported from the land 
during rainfall-runoff events soon after application. Use of time domain reflectometry (TDR) 
methods may help researchers better understand how solutes are transferred from soil to 
surface runoff, affecting solute concentrations and losses. The TDR method has the 
advantage of providing "real-time" results without disrupting the system. With regard to the 
rate of nutrient application, higher rates usually cause greater losses of solutes through 
surface runoff and subsurface drainage. A laboratory experiment was conducted to study the 
effects of application rate and soil surface cover condition on solute concentrations and 
losses in surface runoff. To meet the goal of trying to better understand how solute is 
transferred from soil to surface runoff, an analysis of possible relationships between 
electrical conductivity (ECb) in a thin top layer of soil measured by TDR and the solute 
concentrations in runoff water was performed. More specifically, the amount of solutes, both 
orthophosphate-phosphorus (PO4-P) and total dissolved solids (TDS) in surface runoff water, 
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as affected by the amount of Padded to soil, and reducing rainfall energy were investigated 
using rainfall simulation and TDR under laboratory conditions. The objectives of this study 
were to determine 1) what relationships exist between both TDS and PO4-P in surface runoff 
and the ECb measured by TDR in the top layer of soil, 2) how rates of added P for a Nicollet 
soil affect top soil layer ECb, and TDS and PO4-P in surface runoff under the soil surface 
cover condition with and without a screen, and 3) how the hydrologic conditions including 
volumetric water content as determined by TDR and affected by the treatments mentioned 
above. 
The Nicollet soil was used in this project, was air dried, sifted through a 2.5 mm 
sieve, and then thoroughly mixed. Two plastic runoff pans 83.5 cm long by 42.3 cm wide, 
resulting in a 3490 cm2 rainfall collection area, were used. The treatments of 0, 50, 125, 300, 
600 ppm ( on a dry weight of soil basis) of added mono basic amonium phosphate (MAP) 
were dissolved in water and sprayed on soil as it tumbled in a mixer. The soil was incubated 
in plastic containers for a period of 30 days to allow the MAP to interact with the soil, before 
using with rainfall simulation. From the chosen bulk density of 1.1 g/cm3, calculated amounts 
of soils were packed into runoff in three 2.54-cm layers, for a total soil depth of 7 .6 cm. Two 
TDR probes per pan were inserted into soil 2 cm below the soil surface. Simulated rainfall 
was applied at an intensity of 6.5 cm/h for 64 min to packed soil pans, either with or without 
a window-screen cover. Surface runoff water was sampled and analyzed for PO4-P and TDS 
concentrations. TDR was used to simultaneously measure ECb in top layer soil. The results of 
this laboratory rainfall simulation indicated that EC in the top soil layer (mixing zone) was 
linearly related to both TDS and PO4-P concentrations in surface runoff when the soil 
received added P at rates of 125, 300, and 600 ppm.(the relationship was not statistical 
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significantly for the O and 50 ppm treatments). Added P significantly increased the ECb in the 
top layer of soil as well as TDS and P04-P concentrations in runoff. Whether the soil pans 
did or did not have a screen cover did not effect ECb in top soil layer or TDS or P04-P 
concentrations in runoff water. But the screen cover significantly affected volumes of surface 
runoff, and subsurface drainage from the soil pans. Therefore, the losses of TDS and P04-P 
in the surface runoff and subsurface drainage were significantly affected. 1 
1 Paper No. J-19830 oflowa Agricultural and Home Economics Experiment Station, Ames, Iowa. Project No. 
653 7. ASAE Paper No. 022242. The authors are Jian Zhou, ASAE member, Graduate Research Assistant; 
James L. Baker, ASAE member, professor, Department Agricultural and Biosystems Engineering, Iowa State 
University. Corresponding author: Jian Zhou, Iowa State University, Department of Agricultural and 
Biosystems Engineering, 107 Davidson hall, Ames IA 50010, phone: (515) 294-0204, Fax: (515) 294-2552, e-
mail: <jzhou01@iastate.edu> 
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Introduction 
As rainfall strikes the soil surface and rainfall-runoff moves across the land, they 
interact with a thin zone of surface soil. Literature shows that the effective depth of soil 
interaction is variable according to rainfall intensity, soil slope, cover, and residue 
incorporation. Whatever the exact depth may be, it is shallow. One objective of this study 
was to estimate chemical concentrations in runoff as related to ECb in top layer of soil as 
measured by Time Domain Reflectometry (TDR). Because the amount of chemical in the 
top few mm of the soil can be reduced by infiltration of rainfall before runoff begins, another 
objective of this study was to determine the chemical concentrations over time with different 
cover situations (i.e. with and without a window screen over the soil pans in the laboratory), 
and different added P treatments under rainfall simulation conditions. The third objective was 
to determine soil moisture contents by TDR to estimate the effect of different cover situations 
on hydrology and the water balance in the soil pans. 
TDR Description 
TDR works by measuring the time it takes for an electronic pulse to travel along the 
rods of a probe buried or inserted into the soil. The travel time is linearly proportional to 
water content. Higher water contents cause slower pulse velocities and longer travel times for 
rods of a given length. The pulse or voltage step is injected into the coaxial cable inside the 
TDR instrument. It travels down the cable without noticeable disturbance until it reaches the 
probe where it is partially reflected by the probe handle. When the pulse reaches the rod ends 
it is reflected back to the instrument. These reflections are captured in the wave form. 
Analysis of the wave form is automatic in current TDR systems and results in a travel time 
for the pulse in the probe. The travel time is then automatically converted to a water content. 
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The popular equation used for determination of soil volumetric water contents (8v) 
measured by TDR is the Topp (1980) equation. In addition, TDR can determine soil bulk 
ECb at the same time as the water content. The basic principles are discussed in the literature 
review chapter. TDR has many advantages for determination 8v and ECb, one of them being 
accuracy. It can be left unattended, and rods may be left in the field for extended time periods 
and reconnected when desired. Or, the system may be multiplexed and automated so that 
water contents are available when needed. The most possible important disadvantage of TDR 
is the disturbance of soil during probe installation. In some soils this may preclude the use of 
TDR because the soil disturbance can irreversibly change the soil properties governing water 
movement and availability to plants. A fair amount of expertise is needed to set up and 
operate a TDR system with commercially available equipment. The cost of TDR equipment 
can be considered another disadvantage. Although, like the neutron probe, equipment cost 
can be amortized over many years and measurements. 
Material and methods 
The study was conducted in the Porous Media Laboratory in the Agricultural and 
Biosystems Engineering Department on the Iowa State University campus. Simulated rainfall 
was applied to soil runoff pans to evaluate the effectiveness of using 8v and ECb data 
measured by TDR to study the fate and transport of solutes in surface runoff. The 
determination of the amounts of runoff, subsurface drainage, and water storage in the soil 
were part of the analysis. The presence and absence of window screen covers were tested on 
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five P treatments with three replications per treatment. The five treatments were different 
levels of added P: 0, 50, 125, 300, and 600 ppm on a dry-weight-of soil basis. 
Soil 
The soil for this study was obtained from Iowa State University research farm near 
Ames. The soil was mapped as Nicollet loam ( 42% sand, 52% silt, and 6% clay) with 1 to 
3% slope, which is somewhat poorly drained on slightly convex or plane slopes on knolls and 
swales. Soil was retrieved from the top 25 cm of a field in a continuous com rotation. Prior to 
use in rainfall simulation, the soil was sieved on 5- and 2-mm screens to separate residue and 
to remove large soil aggregates, then mixed together in a portable, rotating-drum concrete 
mixer to establish homogeneity. The sieved soil was analyzed for the background level of 
available P, total P, pH, moisture content, soil organic matter content, and particle size. The 
target soil volumetric water content for this soil when packed in the pans was about 10% 
(9.5% by weighted), and the bulk density was 1.1 g/cm3• The P treatments were applied to 
the soil previously sieved and mixed. The P fertilizer was added as a water solution of 
mono basic ammonium phosphate (MAP). For each level of added P, stock solutions were 
prepared. After 45 min of adding and mixing water containing MAP with soil, the mixture 
was transferred to plastic bags and stored inside plastic containers located indoors for 30 days 
before used. 
Rainfall simulator 
Researchers studying runoff and soil loss from rainfall have long recognized the 
desirability of using rainfall simulation to expedite their investigations. The use of a rainfall 
simulator provides nearly immediate evaluation of soil loss as well as observation of the 
erosion process involved. A number of rainfall simulators have developed since 1930. One 
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developed by Meyer and McCune (1958) at Lafeyette, IN, was used for field studies 
beginning in 1957. A trailer-mounted simulator was developed at Lincoln, NE (Swanson, 
1965). Rotating booms were utilized to carry continuously spraying nozzles that have the 
desired characteristics for a plot rainfall simulator as developed by Meyer and McCune 
(1958). 
The rainfall simulator used in this study and located in the Porous Media Laboratory 
in Davidson Hall at Iowa State University (ISU) is capable of producing uniform rainfall 
similar in drop-size and energy to natural rainfall. It can provide rainfall at intensities from 
0.25 to 12.5 cm/hon horizontal area as large as 1.5 by 3 m, and/or on columns of soil up to 1 
m long with 12 spraying nozzles located in three lines. A field version of this simulator has 
been used with lysimeters to successfully test the performance of a conceptually new N 
fertilizer applicator developed at ISU (Ressler et al., 1998). 
In the study reported here, rainfall simulation was being conducted under artificial 
conditions to evaluate factors that cause or contribute to Ploss in surface runoff and 
subsurface drainage. Rainfall intensity of 6.5 cm/h was used in this study. 
This study was a combined project. In addition to this work with the TDR, tests were 
made on how P application (from either manure or fertilizer) in excess of crop needs can 
result in significant deterioration of the quality of surface runoff and subsurface runoff 
(including bacteria pollution). One question is whether (likely on a site-specific basis) excess 
P application and P buildup in the soil can occur within limits without significant water 
quality problems, or if surface water quality is the only concern, what management practices 
can be used to alleviate the consequences. 
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Soil Pans 
In most cases, with the exception ofNO3-N, chemicals move from agricultural fields 
primarily by surface runoff. Understanding and predicting soluble N and P in surface runoff 
is one of the more important factors in developing practices for nonpoint source pollution 
control. 
Guo et al. (1999) described a kind of undisturbed soil core for laboratory rainfall 
simulation. However, the National P Project Protocol for Indoor Boxes (personal 
communication: Dr. Antonio Mallarino, ISU) method was used in this combined rainfall 
simulation study. This protocol describes a laboratory method to relate soil P to P 
concentrations in surface runoff, and allows for estimation of P extraction and entrainment, 
as well as identification of transport processes affecting the transfer of P from soil to runoff 
(either in water and sediment phases) on the relative basis (Camara, 2001). Several 
influencing factors should be considered. One is that this protocol was designed to control a 
variety of potentially confounding factors, such as spatial and hydro logic variability. But it is 
not designed to represent absolute edge-of-field concentrations. Another is that the protocol 
described is for cropped land, conventional-tilled (seedbed) conditions, not pasture or non-
tilled land. Results from this protocol should relate to field results, yet the protocol cannot 
and does not need to duplicate field conditions. Lastly, field plots should be used to address 
more than just the relationship between soil P and surface runoff P (e.g. hydrologic response 
of soil to rainfall). Relationships developed from the runoff box protocol should eventually 
be tested and compared to field data. The pan size used was 82.5 x 42.3 cm, the area being 
3491 cm2• There were two parallel tubes (0.95 cm inside diameter) at the bottom of the pan 
for outleting infiltrating water (Figure 3 .1 ). The pan was packed with a predetermined weight 
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of soil, so that the approximate bulk density of field soil could be achieved (1.1 g/cm3). A 
layer of fine sand 3.8 cm deep) was placed on the bottom of the pan, followed by cheesecloth 
and a window screen. Finally, three predetermined equal masses of soil were compacted in 
three successive layers to total thickness of 7 .6 cm. The added soil was level with the lower 
lip of runoff boxes. Once filled, the runoff boxes were vibrated for 5 min to promote final 
settling without destroying the remaining peds. A small amount of soil as needed was added 
to the boxes until the soil surface was again level with the lower lip of the box. After the 
desired bulk density and level were achieved, the box was placed 2. 7 m below the simulator 
nozzles. Before rainfall simulation, samples of the soil used to pack the pans were taken for 
gravimetric soil water content determination. One of the most important characteristics of a 
natural or artificial rainfall is the kinetic energy when it is impacting the soil surface. For 
runoff studies, the kinetic energy of the rainfall causes the separation of soil particles in the 
runoff process. To study the importance of this energy, two pans were used, one with a 
window screen for residue cover simulation in order to dissipate rainfall energy, and the 
other without a screen but with 12 cm high sideboards which were attached at the upper rim 
of each box to reduce water and sediment splash losses. These sideboads caused the 
dimensions for rainfall collection surface area to slightly decrease to 81.8 cm long by 39.2 
wide (3207 cm2). Runoff samples were continuously collected during the simulation when 
runoff started from the pans passing through plastic tubes that drained to a sample beaker on 
a balance connected to a datalogger. The samples (about 1000 mL each) were separated into 
intervals time of 2.5 to 3.5 min. Runoff pans were set at a 4% slope. 
TDR 
runoff 
collection 
opening 
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Figure 3.1 Schematic Diagram of Soil Pan 
In the GLEAMS model, it is assumed that surface runoff interacts with the surface 1 
cm of soil and assigns arbitrary extraction coefficients to runoff and infiltration (Schaler and 
Bailey, 1983). Heathman et al. (1986) tested a non-uniform mixing model for herbicides 
monitored in surface runoff, and started with a linear instantaneous reversible soil adsorption 
model, which was based on a mixing thickness of2 cm. It was divided into twenty mm thick 
layers. The initial rainfall was assumed to all infiltrate and successively fill each layer until 
all 20 layers were saturated. After all layers were saturated, the rainfall was assumed to mix 
with each layer in a non-uniform manner. Based on this background, the probes in this study 
reported here were placed 1 cm below the soil surface. 
In general, the studies of solutes in soil use destructive sampling and measurement 
techniques to follow the spatial and temporal variation in the solute transport and 
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tranformation processes. Thus, in order to obtain more detailed information about the 
processes, nondestructive measurement techniques with high spatial and temporal resolution 
are needed. TDR is a well documented and widely used nondestructive technique for 
measuring water content in porous media (Topp et al., 1980). Furthermore, TDR offers the 
possibility of determining ECb of soil (Dalton et al., 1984). 
In the study, two probes are used for each pan. In the pan, one probe is in 21 cm up 
from the runoff outlet and 1 cm bellow the soil surface. The other Probe is 25.5 cm from the 
probe 1. 
SDM1502 
1502 Cable 
Tester 
SDMX50 
Multinlex 
CRl0 
Datalogger 
Probes 
RS232 
Interface 
Figure 3.2 Diagram of TDR Device 
Soil Pans 
Laptop 
Compute 
The main TDR components (Figure 3.2) included a cable tester (Tektronix 1502C); a 
multiplexer (SDM50), which can used with eight probes at one time; an interface 
(SDMl 502), and a datalogger (CRl 0C) with software relative to the TDR Soil Moisture 
Measurement System provided by Campbell Scientific, Inc. In addition, there was an 
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optically Isolated RS232 Interface, and four probes each with three rods 15 cm long, 0.1 cm 
in diameter, and spaced 3 cm apart between two rods. 
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Figure 3.3 Schematic Diagram of Rainfall Simulation, Runoff and Subsurface 
Collection Apparatus 
Procedure 
Two runoff pans were used simultaneously during each rainfall simulation run, one 
with a fiberglass window screen cover and one without a cover. Before and after rainfall 
simulation, soil samples were taken for determination of initial and final soil water contents, 
as well as the total weights of the soil-water-pans. Rainfall was applied by the indoor rainfall 
simulator to the pans at a rate of 6.5 cm/h. Rainfall was measured with an aluminum channel 
rainfall collector with a surface collection of 311 cm2 placed between the two pans. Rainfall 
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and runoff were routed through transfer tubes to sample containers on electronic balances. A 
datalogger recorded the sample masses at 10-sec intervals. Pan runoff was collected and 
composited into samples collected at 2.5-3.5 min intervals, and subsurface drainage samples 
were taken from both pans during and after rainfall. The subsurface drainage tubes were left 
open at either end to permit venting of air from the soil and release of subsurface water from 
the outlet. After approximately 30 min from the time runoff began in both pans, a small 
vacuum pressure of 3 cm of water was applied to each subsurface drain tube by an electric 
vacuum pump to expedite sampling of subsurface drainage (Figure 3.3). Water samples were 
analyzed for P04-P concentrations by using the ascorbic acid method (Camara, 2001)), after 
extraction or digestion. Samples were then diluted to 50 mL with deionized water and 
analyzed for P04-P. The TDR was operated prior to beginning of rainfall simulation, and 
until the last subsurface sample was taken, and 0v and EC data were determined at 2-min 
intervals. 
Statistical analyses were mainly performed with SAS using PROC GLM and PROC 
REG between EC in the top soil and P04-P, TDS in runoff. 
Results and discussion 
Soils 
The soil used was a Nicollet soil taken from the 0-15 cm layer and for which 
consisted of38.7% sand, 16.6% coarse silt, 20.6% fine silt, and 24.1 % clay with total carbon 
(TC), 2.77%, Ca, 3322 ppm, K, 202 ppm, and Mg, 415 ppm. The average pH was between 
5.3 and 6.0, and available P was 14.9 ppm as Bray P-1. Additions of various amounts of P to 
the soil as mono basic ammonium phosphate (MAP) resulted in similar rates of increase in the 
Bray P-1 soil test per unit of P (but ratios less than 1) after "incubation" for 30 days. An 
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extension of incubation time might have decreased the concentration of available P even 
further, but only one measurement was made. This effect of added P on available P 
concentrations was nearly linear for the four rates of added P; the intercept of the linear 
relationship between soil available P and added P was nearly equal to the background level 
of P in the original soil. Reaction of added P with the soil was fairly rapid: only 71 to 77% 
could be measured as available P for the Nicollet soil after 30 days of incubation. 
Water Content and Water Mass Balance 
A screen cover has an energy adsorbing effect for rainfall, somewhat similar to crop 
residue on the soil surface in the field. Water mass balance data are shown in Table A-1, and 
volumetric water content data are shown in table A-2. Data in Table A-3 show a good water 
mass balance, with 1.2 cm of an average of 8.0 cm applied or less missing. Table A-3 also 
shows that cover on soil can decrease surface runoff, and increase infiltration ( and subsurface 
drainage). Added P treatments of 0, 50, 125, 300, and 600 ppm with screen produced surface 
runoff volumes of 2.7, 3.0, 4.3, 3.9, and 3.6 cm, respectively. The same added P treatments 
without screen produced surface runoff volumes of 4.5, 5.2, 6.1, 5.7, and 5.5, respectively, on 
average amount 40% more. For subsurface drainage, 0, 50, 125, 300, 600 ppm added P 
treatments with screen produced drainage volumes of 1.6, 1.8, 1.4, 1.3, and 1.7 cm, 
respectively. The same added P treatments without screen produced drainage volumes of 0.3, 
0.3, 0.2, 0.0 and 0.3 cm, respectively, on average amount 80% loss. Compared with surface 
runoff and subsurface drainage volumes, the screen effect on water storage in the soil pan 
was not so strong, but still significant. Added P treatments of 0, 50, 125, 300, 600 ppm with 
screen stored additional water volumes of3.l, 3.0, 2.6, 2.6, and 3.0 cm, respectively. The 
same treatments without screen stored additional water volumes of 2.8, 2. 7, 2.2, 2.2, and 2.2 
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cm, respectively, on average about 12% loss. These results are summarized and shown in 
Figure A-1. Surface soil without a screen cover for all five treatments apparently encountered 
more dispersion and surface sealing from raindrop energy, reducing the water infiltration rate 
and volume. Part of the differences on mass balances might be caused by the method of 
accounting for rainfall using the aluminum trough for collecting and sample weighing, and 
also because of problems of ununiformity of rainfall distribution. Statistical analyses (table 
A-4) showed that the differences between surface screen cover and no surface screen cover 
treatment for volumes of surface runoff water, subsurface drainage water, and storage water 
were significant. 
Table A-5 and figures A-2a through A-2j show that runoff began sooner for the pans 
without the screen cover than with a cover. The time-to-runoff for the pans without the 
screen averaged 11.7 min; for the pans with a screen it averaged 23.9 min. On the other 
hand, the window screens decreased the time-to-subsurface drainage and resulted in greater 
volumes of subsurface drainage. Average time to subsurface drainage for pans with the 
screen cover treatments was 27.5 min; for pans without a screen cover, it averaged 58.2 min. 
Therefore, a screen cover can delay surface runoff, and increase infiltration. 
Figures A-2a through A-2j also show volumetric water contents determined by TDR 
versus time. By choice of initial conditions, the surface soil water content is low (10.5%) at 
the beginning of rainfall. As rainfall continues, the surface layer is wetted, and the soil water 
content approaches its maximum level, and matric potential approaches zero. With the water 
content is at its maximum volume, the surface layer was almost saturated. Based on the bulk 
density of 1.1 g/ cm3 and a particle density of 2.65 g/cm3, the saturated volumetric water 
content could be more than 50%. Volumetric water content didn't exceeded 50% in this 
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study. The reason might be air entrapped in soil. When soil is saturated, the matric potential 
is equal at all positions; therefore, only gravitational differences between positions can cause 
water movement. If the surface layer is assumed to be 2 cm thick for this experiment, the 
total difference in gravitational potential in this layer may be only 2 cm of water. As 
discussed above, at the beginning of the rainfall, infiltration rates are high because larger soil 
pores are open and can conduct water rapidly, and the dry soil has a low matric potential. The 
surface layer will partially seal during a rainfall event, and the saturated hydraulic 
conductivity will decrease because the pores are filled or close. As this process reaches 
equilibrium, infiltration rates become constant or near constant. From figure A-2a through A-
2j, water contents slightly decrease versus time after reaching their highest values. One 
possible explanation is an increase in surface soil bulk density as soil bulk density and soil 
porosity are inversely related. The average initial water content determined by TDR was 10 
%. This is consistent with the starting value of 10.5 % in the soil used packed to the pans. 
The average volumetric water contents for surface soil pans with 0, 50, 125, 300, and 600 
ppm added P and with a screen cover were 0.443, 0.376, 0.414, 0.394, and 0.392, 
respectively. Corresponding values for pans without a screen cover were 0.441, 0.337, 
0.411, 0.407, and 0.405. The average maximum volumetric water contents for pans with 
screen cover were about 0.019 higher at the end; for pans without a cover, the corresponding 
values were 0.034. Generally, soil saturation degree increased with soil water content 
increased, but hardly approached complete saturation because of air entrapping. This 
experiment illustrated that determination of soil water contents by TDR could be used for 
estimating soil surface layer's saturation condition instantaneously. 
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TDS 
Because of existence of solutes in surface runoff and subsurface drainage, the total 
amount of solutes lost can be determined by measuring TDS as a function of flow and time. 
These data can be used for indicating solute concentration changes in surface runoff and 
drainage water, and salt loss during rainfall events. Table A-6 shows TDS losses with the 
surface runoff for the 0, 50, 125, 300, and 600 ppm added P treatments with a screen cover. 
Comparing with the amounts of MAP added to the soil pans, and subtracting the loss for no P 
added, the loss percentages with increasing rate of Padded were 14.6, 20.4, 10.0 and 5.4%, 
respectively. Table A-7 shows TDS losses with the subsurface drainage for the 0, 50, 125, 
300, and 600 ppm added P treatments with a screen cover. Comparing with the amounts of 
MAP added to the soil pans and subtracting the loss for no P added, the loss percentages with 
increasing rate of P added were 11.9, 1.0, 5.6, and 3.0%, respectively. The flow-weighed 
TDS concentrations in surface runoff increased as added P rate increased, but flow weighed 
TDS concentrations in subsurface drainage fluctuated around 4000 mg L-1 except for the 
4814 mg L-1 value for the 300 ppm added treatment. 
Figure A-3 shows average TDS concentrations in surface runoff versus time from the 
beginning of rainfall to 64 min. This kind of change could be described with a power 
function. However, in the first stage from 18 to 40 min, the TDS concentrations were high. 
The curve was steeper for pans with larger P additions. After 40 min, the TDS concentrations 
had decreased to a range from about 400 to 600 mg L-1, close to the range of the rainfall 
background concentration which ranged from 329 to 382 mg L-1 (average of 352 mg L-1). 
Therefore, a large fraction of the TDS lost from soil pans during the rainfall simulation 
49 
occurred before 40 min, and TDS concentration in runoff approached to background level 
after 40 min. 
Calibration of TDR 
ECb 
In this experiment, Eq 2.9, ECb =KcfZ-Zcable was used for determination of top soil 
ECb. For salinity levels less than 0.3 S/m, in this equation Zcable << Z, and therefore can be 
omitted (Mallant et al., 1996). The determination of the cell constant was described by 
Nadler et al. (1991) and Mallant et al. (1996). It can was obtained by measuring 1/Z when 
immersing the TDR probe in five different salt solutions of known conductivity ranging from 
0 to 1.2 S/m. Solutions of 0, 0.02, 0.04, 0.06, and 0.08% ofKCl were used in our experiment, 
and the eight probes used were immersed in these five solutions, with two duplications, one 
by one. A conductivity meter (Accumet, Model 30, Fisher Scientific) was used for 
determination of solution EC (table A-1). The range of EC is Oto 0.15 S/m which were less 
than 0.3 S/m. Therefore, Zcable in Eq. 2.9 was omitted in calculation of EC. A linear 
relationship was found between solution EC and TDR measured EC, with slope Kc = 41.263 
ms/cm (see table A-8, and figure A-4). Using SAS analysis of the measured data (Table A-9), 
there were no significant differences among the eight probes (table A-10). 
Dielectric Constant and Volumetric Water Content 
As the same time solution EC was measured, the dielectric constant was determined. 
With SAS analysis, there were no significant differences in measured dielectric constant 
values among the eight probes (P value is 0.8367) (table A-11 ). In addition, eight soil beakers 
with a volume of 900 mL were used to calibrate the volumetric water content measured by 
TDR with Topp equation. Four rates of volumetric water content were duplicated and the 
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bulk density of 1.1 g/cm3 was used in this calibration. Oven dry values were used for 
calibration. A linear relationship was determined, for the actual soil volumetric water 
content: 0v = 1.059 (TDR value)+ 0.0765. It indicated that the Topp equation under-
estimated soil volumetric water contents for this study under the low bulk density condition. 
ECb in top soil versus time during the rainfall simulation 
Figures A-Sc and A-Sd and table A-12 show that ECb in top soil is a function of 
added Prate and runoff sampling time. Statistical analyses were conducted on ECb data 
(table A-13), and it was found that the rate of added P and time of water sampling had 
significant effects on ECb values, but the screen cover treatment did not significantly effect 
ECb value. Table A-14 shows that there is no significant difference between screen cover and 
no screen cover versus runoff sampling times. Table A-15 shows that there were significant 
differences in average ECb values in the top soil as a function of added P treatments versus 
runoff sampling times. 
Statistical analyses also were conducted showing that ECb in the top layer of soil 
versus time was better expressed as a power function than as exponential function. Both 
expressions were statistically significant, but the R 2 of power function was larger than for the 
exponential function (table A-16). 
TDS and PO4-P in runoff versus time 
Figures A-Sa and A-Sb and table A-17 show that PO4-P in the runoff was a function 
of added P rate and runoff sampling time. Statistical analyses were conducted, and it was 
found that (table A-lS) the rate of added P and time of water sampling had significant effects 
on PO4-P concentrations in the runoff water. The rate of added P and time of sampling 
together has a significant effect on PO4-P concentrations in the runoff water. But the method 
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of cover, method cover and rate of added P together, and method of cover and time of 
sampling time together had no significant effect on PO4-P concentrations. The results 
indicate that the single effect of method of surface cover, and method of surface cover 
combining added Prate were not significant on PO4-P concentration in runoff water. 
However, the amounts of PO4-P loss were significantly different because of significant 
differences in the amounts of runoff water between surface screen cover and no screen cover. 
Therefore, the presence of a surface cover should be a better management practice to reduce 
the transport of salts to the surface water body. Table A-19 shows that there is no significant 
different effect on PO4-P for a screen cover and no screen cover versus runoff sampling 
times. Table A-20 shows the significant difference of average PO4-P surface runoff as a 
function of added P treatments versus runoff sampling times. 
Figure A-3 and Table A-21 show that TDS in the runoff is a function of added Prate 
and runoff sampling time. Statistical analyses were conducted on TDS concentrations (table 
A-22), and it was found that the rate of added P and time of water sampling each had 
significant effects on TDS concentrations in the surface runoff. In addition, the rate of added 
P and time of sampling together, has a significant effect on TDS concentrations in the runoff 
water. The results indicate that with a screen cover, TDS in the runoff is a function of added 
Prate and runoff sampling time (Figure A-3). Table A-23 shows TDS with a screen cover 
versus runoff sampling times. Table A-24 shows the significant difference of average 
TDS in runoff as a function of added P treatments versus runoff sampling times. 
ECh in top soil versus TDS in surface runoff 
ECb of a water sample is a measure of its ability to carry an electric current. The more 
impurities (TDS) in the water, the greater its electrical conductivity, and from measuring the 
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conductivity of a water sample, TDS concentration can be estimated. To convert ECb, 
(usually using mS cm-1) of a water sample to the TDS concentration in the sample, the 
conductivity must be multiplied by a factor determined from the relationship between ECb 
and TDS. In this study, ECb in top soil (representing ECb in the mixing zone) was determined 
by TDR. During the rainfall simulation experiment, the volumetric water content was low at 
rainfall initiation ( chosen to be about 10% ), and ECb was also low. As the surface began to 
wet, ECb increased. After the surface soil became saturated, ECb decreased. From the data 
analysis (table A-25) of ECb versus time and TDS versus time, they were found to have 
similar decreasing trends. A power function fit the data better than an exponential function 
(see Figures A-5a through A-5e and A-6 athrough A-6e). Therefore, through least-square 
analysis, a linear relationship between EC and TDS was determined. From statistical analyses 
(table A-26, and tables A-27 through A-31), the linear relationships were not significant for 
the 0 and 50 ppm added P treatments, but were for the 125,300, and 600 ppm added P 
treatments. In addition, ECb in top layer of soil and TDS in surface runoff increased with 0, 
50, 125, 300, 600 ppm added P treatments and with a screen cover. Table A-32 gives 
coefficients for the linear relationships between ECb and TDS for the five added P treatments 
ECb in the top soil versus PO4-P in surface runoff 
As discussed above, ECb can be used for estimating TDS in surface runoff as a 
function of time. In this experiment, there were five treatments of different amounts of added 
P. Therefore, soluble P04-P in the soil could be a dominating anion, especially at higher rates 
of P addition, and changes in P04-P concentrations with time during the rainfall simulation 
could also be related to changes of ECb, In other words, ECb could be used to indicate of 
PO4-P concentration changes in surface runoff. Table A-33 and figures A-7a through A-7j 
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and A-Sa through A-8d show the ECb and PO4-P data. From statistical analyses (tables A-34, 
table A-35 through A-44), 0 (with and without screen cover) and 50 ppm (with screen cover) 
added P treatments did not have significant linear relationships between ECb and PO4-P. 
However, treatments of 50 ppm (without screen cover) , 125, 300, and 600 pm (with and 
without screen cover) added P did have significant linear relationships between ECb and PO4-
P. And ECb and PO4-P in runoff increased with 0, 50, 125, 300, and 600 ppm added P 
treatments for both with screen and without screen. Table A-45 gives the coefficients for the 
linear functions between EC and PO4-P for the five added P treatments. 
Conclusions 
Lab rainfall simulation experiments were conducted to determine the functional 
relationship between ECb in top soil (mixing zone) of pans of Nicollet soil and TDS and PO4-
p concentrations in the surface runoff. Thirty soil pan units were used in this rainfall 
simulation study, including five added Prate treatments with two cover factors (with and 
without screen cover) and three replications for each Prate. The results of this study led to 
the following conclusions: 
ECb in top soil layer versus time during the rainfall simulation through statistical 
analyses can be better expressed as a power function than as an exponential function. 
ECb in the top soil layer (mixing zone) is linearly related in TDS and PO4-P 
concentrations in surface runoff for medium and larger rates of added P (125,300, and 600 
ppm added Pin this study). 
Added Prate had a statistically significant effect on EC in the soil and TDS and PO4-
p concentrations in surface runoff. The higher added P rate resulted in higher values of ECb 
in the top layer soil and TDS and PO4-P concentrations in surface runoff. 
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The factor of pans with and without a soil surface screen cover did not have a 
significant effect on ECb value in top soil layer, and TDS and PO4-P concentrations in runoff 
water, which probably varied in response to multiple factors, such as soil incubation time, 
soil packing time, and rainfall simulation time. But the factor of pans with and without soil 
surface screen cover had a significant effect on surface runoff and subsurface drainage 
volumes from soil pans. It indicated that the screen effect was significant, decreasing the loss 
of soluble salts with surface runoff relative to absence of a screen. 
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CHAPTER 4 GENERAL CONCLUSIONS 
Conclusions 
Crop land application of agricultural chemicals is still the most common and 
economical way for increasing crop production. In order to determine the effect of 
agricultural chemical application rate on soluble salt transport with surface runoff water, a 
laboratory rainfall simulation study was conducted in 2000 and 2001. In general, the results 
of this study indicated that ECb in top soil layer could be an a predictor of TDS in surface 
runoff where there was a linear relationship in medium and higher chemical application rates. 
This study also indicated that a surface screen cover did not result in significantly higher ECb 
in top layer soil, or in PO4-P concentrations in runoff, in comparison with pans without a 
surface screen cover. However, the surface screen cover resulted in: 1) a significant increase 
in the volume of subsurface drainage, 2) a significant decrease in the volume of surface 
runoff in comparison with pans without a surface screen cover; and 3) a delay in the average 
time to the beginning of runoff of 12 min. Therefore, surface cover significantly affected the 
amount of PO4-P losses, but not the concentrations relative to pans without a surface screen 
cover. 
The laboratory rainfall simulation study indicated the highest ECb values in the top 
layer of soil and concentrations ofTDS and PO4-P occur at very beginning of a runoff event. 
ECb, TDS, and PO4-P concentration could be expressed by the power equation C=aT\ where 
a and b are constants which depend on rate of added P, pans with or without a surface cover, 
rainfall parameters, and soil characteristics. T is the time from the beginning of the rainfall 
event. Use of a power function is different from some literature where the decrease in the 
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solute concentration in surface runoff with time during rainfall is described with an 
exponential function. One reason might be that the collecting time of the first runoff sample. 
In our experiment, average runoff sampling time was used. The first runoff sample time we 
used is the average time between beginning of runoff and end of first sampling. However, 
the solute concentration in runoff water is very high in beginning of runoff. Average 
sampling time might not reflect this important phenomenon. The purpose of this study was to 
determine the relationships between ECb in top soil layer and TDS and PO4-P in surface 
runoff, and the first sampling value doesn't affect the relations very much. On the basis of 
data collected from this study, EC values in top soil layer for rate of 125 ppm added P, as an 
example, were expressed with equation ECb=0.043T0·375 (with R2=0.9794), PO4-P 
concentrations in runoff for 125 ppm added P were expressed with equation PO4-P=8.8168T 
0
·
9329 (with R2=0.9827), and TDS concentrations in runoff for 125 ppm added P were 
expressed with the equation TDS=5278T0·6161 (with R2=0.8664). Other treatments and 
factors can be also fit with power function expressions. 
Prospects for Further Research 
This study provides an opportunity to quickly estimate the agricultural chemical 
concentrations in runoff by measuring ECb by the TDR method instead of chemical analyses 
of solutes. In addition, volumetric water contents in top layer of soil (mixing zone) can be 
determined by TDR simultaneously, which could be an indicator of the dynamic surface soil 
hydrology conditions. Therefore, the results of this study could help in the development of 
improved management practices to reduce soluble chemical runoff losses. On the basis of 
this study, a couple of factors should be considered in further research: 
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Field study 
The TDR data obtained from shallow soil layers have been successfully used by 
others to describe solute transport through undisturbed soil core (Lee et al., 2002). This study 
focused on solute transport in surface runoff. Therefore, a combined field study should be 
carried out for confirming the applicability of the TDR approach used in rainfall simulation 
events, including lysimeters used for estimating solute leaching, and field plots used for 
large-scale study comparisons to the laboratory study. 
Combined study with fertilizer application equipment 
The local soil compaction and doming (LCD) fertilizer applicator developed at ISU 
(Ressler et al., 1997 and 1998) potentially diverts rainfall and irrigation water around the 
zone of fertilizer injection, which is one way to reduce N03-N leaching from agricultural 
fields. Use ofTDR method could will help to understand solute leaching changes versus 
applicator-induced changes in the soil profile. 
Combined study with application of hydrophobic material 
The presence of a top soil layer of hydrophobic aggregates can either decrease or 
increase the rate of infiltration, depending on the size of aggregates (Hillel et al., 1974). With 
this in mind, there is a possibility to use this effect to reduce solute losses both in surface 
runoff and by leaching. By application of hydrophobic material, changes may result that 
could be followed with the TDR used for estimation of solute transfer in surface runoff water 
and subsurface drainage water. 
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APPENDIX: LABORATORY RAINFALL SIMULATION 
DATA 
Table A-1 Water depth for 5 added P treatments with and without a surface screen cover 
runoff drain stor total rain diff 
-----------------cmd ------------------
Aa Ob we 3.1 1.5 3.0 7.6 7.1 0.5 
B 0 w 2.1 1.5 3.0 6.6 6.9 0.3 
C 0 w 2.9 1.9 3.2 8.0 7.8 0.2 
A 0 WO 4.4 0.3 2.7 7.4 7.1 0.3 
B 0 WO 4.7 0.3 2.7 7.7 6.9 0.8 
C 0 WO 4.4 0.4 3.1 7.9 7.8 0.1 
A 50 w 3.4 1.5 2.7 7.6 6.9 0.7 
B 50 w 3.0 2.0 3.2 8.1 7.2 0.9 
C 50 w 2.7 1.9 3.3 7.8 6.7 1.1 
A 50 WO 5.4 0.3 2.4 8.0 6.9 1.1 
B 50 WO 5.2 0.2 2.9 8.3 7.2 1.1 
C 50 WO 5.1 0.3 2.7 8.1 6.7 1.4 
A 125 w 4.8 1.2 2.5 8.5 8.1 0.3 
B 125 w 4.8 1.4 2.5 8.8 8.6 0.2 
C 125 w 3.2 1.6 2.8 7.6 7.3 0.3 
A 125 WO 6.2 0.1 2.2 8.5 8.1 0.4 
B 125 WO 6.7 0.1 2.4 9.2 8.6 0.6 
C 125 WO 5.4 0.4 2.1 7.9 7.3 0.6 
A 300 w 4.8 0.6 2.1 7.5 7.2 0.3 
B 300 w 3.9 1.6 3.0 8.4 8.1 0.4 
C 300 w 3.0 1.8 2.7 7.4 7.0 0.5 
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Table A-1 continued 
runoff drain stor total rain diff 
-----------------cm d ------------------
A 300 WO 6.2 0.1 1.5 7.7 7.2 0.5 
B 300 WO 5.9 0.0 2.4 8.4 8.1 0.3 
C 300 WO 4.9 0.0 2.6 7.6 7.0 0.6 
A 600 w 4.4 1.8 2.9 9.1 8.4 0.7 
B 600 w 4.0 1.4 2.8 8.2 7.6 0.6 
C 600 w 2.3 1.9 3.3 7.5 7.2 0.3 
A 600 WO 6.0 0.1 2.2 8.3 8.4 0.1 
B 600 WO 5.6 0.6 1.7 7.8 7.6 0.2 
C 600 WO 4.9 0.2 2.9 8.0 7.2 0.8 
a 3 rep. 
b 5 added P rates (ppm). 
c With or without a screen cover in soil surface. 
d Water depth for surface runoff, subsurface drainage, storage in soil pan, total for three items, rainfall, 
and absolute difference between total and rainfall ( cm). 
Table A-2 Volumetric water content in top layer soil for 5 added P treatments with and without a surface 
screen cover 
8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 
------------------------% C --------------------------
0a Wb 0.092 0.176 0.3310.3790.396 0.404 0.408 0.409 0.408 0.412 0.412 0.415 0.415 0.417 0.418 0.417 0.416 
0 W 0.087 0.136 0.358 0.415 0.443 0.453 0.459 0.467 0.467 0.469 0.470 0.469 0.472 0.468 0.465 0.463 0.463 
0 W 0.088 0.163 0.366 0.417 0.445 0.455 0.461 0.465 0.469 0.467 0.470 0.470 0.469 0.470 0.468 0.464 0.459 
0 WO 0.090 0.144 0.239 0.327 0.367 0.384 0.391 0.394 0.396 0.399 0.401 0.403 0.405 0.407 0.407 0.406 0.406 
0 WO 0.087 0.183 0.373 0.419 0.447 0.455 0.462 0.465 0.466 0.469 0.469 0.470 0.469 0.469 0.467 0.465 0.462 
0 WO 0.088 0.201 0.379 0.423 0.446 0.456 0.464 0.466 0.468 0.468 0.469 0.470 0.470 0.469 0.467 0.465 0.460 
50 W 0.092 0.1010.1760.256 0.352 0.3910.4030.402 0.406 0.407 0.409 0.4110.4150.416 0.413 0.394 0.392 
50 W 0.083 0.083 0.186 0.350 0.387 0.397 0.401 0.401 0.402 0.402 0.401 0.400 0.400 0.400 0.398 0.398 0.396 
50 W 0.085 0.086 0.124 0.2110.2840.339 0.354 0.364 0.367 0.370 0.374 0.374 0.373 0.375 0.375 0.375 0.376 
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Table A-2 continued 
50 WO 0.092 0.106 0.195 0.269 0.367 0.389 0.404 0.403 0.407 0.408 0.410 0.410 0.415 0.415 0.407 0.389 0.382 
50 WO 0.084 0.084 0.194 0.3410.3820.4010.4090.412 0.410 0.407 0.407 0.409 0.410 0.409 0.409 0.412 0.409 
50 WO 0.081 0.0810.1470.250 0.308 0.357 0.370 0.373 0.377 0.378 0.381 0.382 0.382 0.384 0.383 0.385 0.387 
125 W 0.094 0.103 0.215 0.378 0.408 0.408 0.404 0.400 0.399 0.403 0.402 0.405 0.403 0.406 0.403 0.402 0.404 
125 W 0.093 0.113 0.349 0.443 0.458 0.456 0.453 0.451 0.452 0.445 0.445 0.444 0.445 0.445 0.444 0.445 0.443 
125 W 0.086 0.125 0.363 0.430 0.433 0.428 0.424 0.423 0.422 0.420 0.420 0.419 0.420 0.418 0.415 0.416 0.415 
125 WO 0.085 0.095 0.244 0.358 0.368 0.370 0.367 0.364 0.359 0.358 0.357 0.357 0.359 0.359 0.358 0.359 0.363 
125 WO 0.099 0.107 0.197 0.406 0.463 0.4610.4560.454 0.4510.4490.447 0.446 0.446 0.449 0.450 0.450 0.450 
125 WO 0.092 0.105 0.338 0.443 0.462 0.468 0.461 0.464 0.456 0.455 0.452 0.452 0.453 0.453 0.453 0.453 0.453 
300 W 0.091 0.095 0.183 0.407 0.440 0.440 0.432 0.432 0.427 0.426 0.424 0.424 0.421 0.422 0.421 0.418 0.411 
300 W 0.091 0.083 0.093 0.179 0.342 0.425 0.450 0.448 0.446 0.441 0.441 0.439 0.439 0.439 0.440 0.439 0.439 
300 W 0.0910.1460.259 0.340 0.369 0.374 0.376 0.378 0.375 0.374 0.375 0.376 0.375 0.377 0.376 0.378 0.370 
300 WO 0.085 0.095 0.244 0.358 0.368 0.370 0.367 0.364 0.359 0.358 0.357 0.357 0.359 0.359 0.358 0.359 0.363 
300 WO 0.099 0.107 0.197 0.406 0.463 0.461 0.456 0.454 0.451 0.449 0.447 0.446 0.446 0.449 0.450 0.450 0.450 
300 WO 0.092 0.105 0.338 0.443 0.462 0.468 0.461 0.464 0.456 0.455 0.452 0.452 0.453 0.453 0.453 0.453 0.453 
600 W 0.097 0.167 0.169 0.282 0.300 0.306 0.3110.3180.323 0.327 0.334 0.338 0.342 0.342 0.350 0.352 0.356 
600 W 0.098 0.232 0.376 0.376 0.376 0.376 0.453 0.473 0.472 0.467 0.466 0.459 0.456 0.462 0.461 0.461 0.463 
600 W 0.098 0.199 0.272 0.329 0.338 0.341 0.429 0.426 0.432 0.429 0.426 0.423 0.425 0.425 0.424 0.424 0.427 
600 WO 0.097 0.167 0.169 0.282 0.300 0.306 0.3110.3180.323 0.327 0.334 0.338 0.342 0.342 0.350 0.352 0.356 
600 WO 0.098 0.232 0.376 0.376 0.376 0.376 0.453 0.473 0.472 0.467 0.466 0.459 0.456 0.462 0.461 0.461 0.463 
600 WO 0.098 0.199 0.272 0.329 0.338 0.341 0.429 0.426 0.432 0.429 0.426 0.423 0.425 0.425 0.424 0.424 0.427 
a Added P treatments (ppm). 
h With or without a screen cover in soil surface. 
c Volumetric water content in top layer of soil (% ). 
d Time from the beginning of rainfall (min). 
a 
b 
C 
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Table A-3 Water mass balance for the Nicollet soil during rainfall simulation 
0ppm"W 0ppmWOb 50pmW 50ppmWO 125ppmW 125ppmWO 300ppmW 300ppmWO 600ppmW 
m------------------------
Dran.c 1.6 0.3 1.8 0.3 1.4 0.2 1.3 0.0 1.7 
Stor. 3.1 2.8 3.0 2.7 2.6 2.2 2.6 2.2 3.0 
Runoff 2.7 4.5 3.0 5.2 4.3 6.1 3.9 5.7 3.6 
Total 7.4 7.7 7.8 8.2 8.3 8.5 7.8 7.9 8.3 
Rain 7.3 7.3 6.9 6.9 8.0 8.0 7.4 7.4 7.7 
Diff# -0. l -0.4 -0.9 -1.2 -0.3 -0.5 -0.4 -0.5 -0.5 
Soil added P treatments. 
W, WO: soil surface with a screen cover, without a screen cover. 
Drain., stor., runoff, total, rain., and dif£ :average drainage volume from the pans; water storage volume 
in the pans; runoff volume from the pans; total volume of drainage, storage and runoff; rainfall volume; 
and differences between total and rainfall. 
Table A-4 ANOV A for water balance from Soil Pans with Added P 
Source DF ss MS F Value Pr> F 
meth for runoff 1 33410040.8 33410040.8 362.71 <0.0001 
meth for storage 1 16324563.3i 16324563.33 32.19 0.0005 
meth for drainage 1 165985345.2 165985345.2 178.46 <0.0001 
Table A-5 Times to beginnings of surface runoff, and subsurface drainage (and vacuum) 
50ppm 125 ppm 300 ppm 600 ppm 
----------------------------min------------------------------------
Wb 22.3 27.7 24.3 21.0 24.3 
Surface runoff WO 13.0 13.3 10.7 10.7 10.7 
Subsurface W 
drainage WO 
Vacuum one 
Vacuum off 
a Soil added P treatments. 
30.7 
45.7 
61.7 
86.7 
27.7 
56.7 
63.7 
89.0 
27.7 
54.0 
67.3 
92.3 
24.0 
64.7 
61.3 
82.0 
b W, WO: soil surface with a screen cover, without a screen cover. 
c Times when vacuum was applied. 
27.7 
70.0 
68.7 
92.7 
average 
23.9 
11.7 
27.5 
58.2 
64.5 
88.5 
600ppmWO 
0.3 
2.2 
5.5 
8.0 
7.7 
-0.3 
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Table A-6 Average TDS loss with surface runoff from soil pans with a surface screen cover 
Trt MAP Runoff TDS Loss MAP Loss 
Massb Vol.c Mass Cone. Mass Pere. 
mg L mg mg/L mg % 
0 0 8.88 3258 367 0 0 
50 5086 9.60 4001 417 744 14.6 
125 12716 11.03 5849 530 2591 20.4 
300 30518 11.11 6204 558 2947 9.7 
600 61036 9.07 6572 725 3315 5.4 
a Soil added P treatments. 
b Average MAP added per soil pan. 
c Average surface runoff water per soil pan. 
Table A-7 Average TDS loss with subsurface drainage from soil pans with a surface screen cover 
Tre MAP Drainage TDS Loss MAP Loss 
Massb Vol.c Mass Cone. Mass Pere. 
mg L Mg mg/L Mg % 
0 0 3.70 14911 4028 0 0 
50 5086 3.90 15515 3982 604 11.9 
125 12716 3.62 15034 4155 123 1.0 
300 30518 3.45 16626 4814 1716 5.6 
600 61036 4.09 16754 4094 1844 3.0 
a Soil added P treatments. 
b Average MAP added per soil pan. 
c Average subsurface drainage water per soil pan. 
Probel-1 
Probel-2 
average 
Probe2-1 
Probe2-2 
average 
Probe3-1 
Probe3-2 
average 
Probe4-1 
Probe4-2 
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Table A-8 Calibration EC between TDR and EC meter 
KCl Cone. Recip. Impedancea ECb 
mg/L 1/Ohms ms/cm 
0 0.000 0.00 
200 0.011 0.44 
400 0.019 0.78 
600 0.028 1.15 
800 0.037 1.50 
a Average values measured by TDR. 
b Average values measured EC meter. 
Table A-9 Calibration EC between TDR and EC meter 
Conc.1 Conc.2 Conc.3 Conc.4 
---------------------------------1 I ohms-----------------------------------
0.0003 
0.0005 
0.0004 
0.0003 
0.0005 
0.0004 
0.0004 
0.0004 
0.0004 
0.0005 
0.0005 
0.0110 
0.0110 
0.0110 
0.0110 
0.0113 
0.0112 
0.0110 
0.0112 
0.0111 
0.0109 
0.0112 
0.0194 
0.0192 
0.0193 
0.0194 
0.0192 
0.0193 
0.0194 
0.0193 
0.0193 
0.0193 
0.0192 
0.0284 
0.0275 
0.0280 
0.0284 
0.0274 
0.0279 
0.0284 
0.0272 
0.0278 
0.0284 
0.0273 
Conc.5 
0.0356 
0.0378 
0.0367 
0.0360 
0.0379 
0.0369 
0.0291 
0.0378 
0.0335 
0.0353 
0.0368 
Table A-9 continued 
average 
Probe5-1 
Probe5-2 
average 
Probe6-1 
Probe6-2 
average 
Probe7-1 
Probe7-2 
average 
Probe8-1 
Probe8-2 
average 
EC meterl 
EC meterl 
average 
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Cone.I Conc.2 Conc.3 Conc.4 
---------------------------------1 I ohms-----------------------------------
0.0005 
0.0004 
0.0004 
0.0004 
0.0004 
0.0004 
0.0004 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0111 
0.0109 
0.0111 
0.0110 
0,0110 
0,0112 
0.0111 
0.0109 
0.0112 
0.0111 
0.0110 
0.0112 
0.0111 
0.0193 
0.0192 
0.0190 
0.0191 
0.0194 
0.0194 
0.0194 
0.0193 
0.0192 
0.0193 
0.0193 
0.0192 
0.0192 
0.0278 
0.0281 
0.0270 
0.0276 
0.0284 
0.0273 
0.0279 
0.0284 
0.0273 
0.0278 
0.0283 
0.0273 
0.0278 
---------------------------------mS/ cm--------------------------------
0.0013 0.4320 0.7930 1.1700 
0.0009 0.4540 0.7700 1.1200 
0.0011 0.4430 0.7815 1.1450 
Conc.5 
0.0361 
0.0352 
0.0374 
0.0363 
0.0357 
0.0378 
0.0367 
0.0353 
0.0368 
0.0361 
0.0372 
0.0373 
0.0373 
1.4500 
1.5400 
1.4950 
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Table A-10 ANOVA for EC in calibration from five concentration rates and eight probes 
Source DF ss MS F Value Pr>F 
probe 7 0.00000414 0.00000059 0.44 0.8716 
rate 4 0.01249380 0.00312345 2319.80 <.0001 
probe*rate 28 0.00001592 0.00000057 0.42 0.9904 
Table A-11 ANOVA for Kin Calibration from 5 Concentration Rates and 8 Probes 
Source DF Type I SS Mean Square F Value Pr> F 
probe 7 8.99628006 1.28518287 0.49 0.8367 
rate 4 19.52948753 4.88237188 1.85 0.1397 
probe*rate 28 66.34884549 2.36960162 0.90 0.6091 
Table A-12 ECb in top layer soil for 5 added P treatments with and without a surface screen cover 
28d 32 36 40 44 48 52 56 60 64 
--------------------1/ ohms---------------------
Aa Ob we 0.0076 0.0074 0.0074 0.0074 0.0074 0.0074 0.0074 0.0073 0.0073 0.0072 
B 0 w 0.0078 0.0077 0.0078 0.0077 0.0077 0.0077 0.0077 0.0076 0.0075 0.0075 
C 0 w 0.0078 0.0078 0.0077 0.0077 0.0077 0.0077 0.0077 0.0076 0.0075 0.0075 
A 0 WO 0.0086 0.0082 0.0081 0.0079 0.0078 0.0077 0.0076 0.0076 0.0075 0.0074 
B 0 WO 0.0078 0.0078 0.0078 0.0077 0.0077 0.0077 0.0077 0.0076 0.0075 0.0075 
C 0 WO 0.0078 0.0078 0.0077 0.0077 0.0077 0.0077 0.0077 0.0075 0.0075 0.0075 
A 50 w 0.0093 0.0085 0.0087 0.0085 0.0084 0.0084 0.0082 0.0080 0.0075 0.0074 
B 50 w 0.0080 0.0078 0.0077 0.0077 0.0076 0.0076 0.0075 0.0075 0.0074 0.0074 
C 50 w 0.0113 0.0105 0.0100 0.0097 0.0095 0.0092 0.0090 0.0088 0.0086 0.0084 
A 50 WO 0.0092 0.0089 0.0087 0.0085 0.0084 0.0084 0.0082 0.0079 0.0075 0.0066 
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Table A-12 continued 
28d 32 36 40 44 48 52 56 60 64 
--------------------1/ ohms---------------------
B 50 WO 0.0084 0.0082 0.0081 0.0081 0.0080 0.0080 0.0080 0.0079 0.0079 0.0079 
C 50 WO 0.0082 0.0078 0.0076 0.0075 0.0075 0.0074 0.0074 0.0073 0.0073 0.0073 
A 125 w 0.0109 0.0101 0.0096 0.0091 0.0088 0.0085 0.0084 0.0082 0.0081 0.0080 
B 125 w 0.0118 0.0110 0.0105 0.0102 0.0100 0.0098 0.0096 0.0095 0.0094 0.0093 
C 125 w 0.0124 0.0116 0.0111 0.0107 0.0104 0.0101 0.0099 0.0097 0.0095 0.0094 
A 125 WO 0.0144 0.0134 0.0128 0.0122 0.0117 0.0113 0.0110 0.0107 0.0104 0.0102 
B 125 WO 0.0114 0.0108 0.0103 0.0100 0.0097 0.0094 0.0092 0.0089 0.0088 0.0086 
C 125 WO 0.0151 0.0134 0.0124 0.0117 0.0112 0.0107 0.0104 0.0102 0.0100 0.0099 
A 300 w 0.0120 0.0117 0.0114 0.0112 0.0111 0.0108 0.0107 0.0105 0.0104 0.0100 
B 300 w 0.0161 0.0148 0.0139 0.0133 0.0128 0.0124 0.0129 0.0118 0.0115 0.0113 
C 300 w 0.0165 0.0159 0.0153 0.0149 0.0144 0.0140 0.0136 0.0132 0.0129 0.0126 
A 300 WO 0.0123 0.0119 0.0117 0.0114 0.0112 0.0110 0.0109 0.0107 0.0106 0.0103 
B 300 WO 0.0170 0.0149 0.0137 0.0129 0.0124 0.0119 0.0116 0.0113 0.0110 0.0108 
C 300 WO 0.0189 0.0176 0.0165 0.0156 0.0148 0.0142 0.0137 0.0132 0.0108 0.0124 
A 600 w 0.0147 0.0136 0.0129 0.0126 0.0123 0.0120 0.0117 0.0115 0.0114 0.0111 
B 600 w 0.0160 0.0139 0.0134 0.0130 0.0127 0.0125 0.0123 0.0121 0.0119 0.0117 
C 600 w 0.0182 0.0158 0.0143 0.0133 0.0125 0.0121 0.0117 0.0114 0.0111 0.0108 
A 600 WO 0.0112 0.0103 0.0103 0.0112 0.0119 0.0126 0.0129 0.0132 0.0135 0.0138 
B 600 WO 0.0158 0.0145 0.0139 0.0135 0.0132 0.0129 0.0127 0.0125 0.0123 0.0122 
C 600 WO 0.0170 0.0146 0.0130 0.0119 0.0111 0.0108 0.0105 0.0103 0.0100 0.0099 
a 3 rep. 
b 5 added Prates (ppm). 
c With or without a screen cover in soil surface. 
d Time from rainfall beginning (min). 
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Table A-13 ANOV A for ECb in top layer soil from soil pans with added P 
Source DF ss MS F Value Pr>F 
rep 2 0.00004321 0.00002126 31.99 <.0001 
rate 4 0.00140489 0.00035112 520.67 <.0001 
rep*rate 8 0.00010171 0.00001217 18.82 <.0001 
meth 0.00000082 0.00000082 1.22 0.2709 
rep*meth 2 0.00001188 0.00000594 8.80 0.0002 
rate*meth 4 0.00002595 0.00000649 9.61 <.0001 
time 9 0.00019586 0.00002176 32.22 <.0001 
rate*time 36 0.00006599 0.00000183 2.71 1.0000 
Table A-14 Overall average ECb values in the top layer soil for pans with and without a surface screen 
cover as a functional of time 
28a 32 36 40 44 48 52 56 
------------------------------------EC---------------------------------
Wb 0.4952c 0.4621 0.4415 0.4333 
WO 0.5034 0.4663 0.4456 0.4333 
a Time from the beginning of rainfall event. 
h Soil pan with or without a screen cover. 
0.4209 0.4126 0.4085 0.3961 
0.4250 0.4168 0.4126 0.4044 
c There is no significant difference between the pans with and without a screen cover. 
60 64 
0.3879 0.3837 
0.3920 0.3920 
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Table A-15 Average ECb value in the top layer soil as a function of added Prate, and as a function of time 
2s• 32 36 40 44 48 52 56 60 64 
-------------EC 
ppmb 0.3260cc 0.3219c 0.3177c 0.3177c 0.3177c 0.6136c 0.3136c 0.3095c 0.3095c 0.3053c 
50ppm 0.3755c 0.4044c 0.3507c 0.3425c 0.3384c 0.3342c 0.3301c 0.3260c 0.3177c 0.3095c 
125 ppm 0.5240b 0.4828b 0.4580b 0.4374b 0.4498b 0.4126b 0.4002b 0.3920b 0.3879b 0.3796b 
300ppm 0.6355a 0.5983a 0.5653a 0.5447a 0.5282a 0.5162a 0.5034a 0.4869a 0.4621a 0.4621a 
600ppm 0.6396a 0.5694a 0.5364a 0.5199a 0.5075a 0.4993a 0.4952a 0.4869a 0.4828a 0.4787a 
a Time from the beginning of rainfall event. 
b Added P treatments. 
C a, b, and c indicate significant differences among five added P rates. 
Table A-16 Comparison of power function and exponential function used in rainfall simulation for 
surface soil ECb versus time by statistical analyses 
rate P value R2 
Power function Exponential Power function Exponential function function 
Oppmawb 
0ppmWO 
50ppmW 
50ppmWO 
125 ppm W <0.0001 0.0009 0.6401 0.3426 
125 ppm WO 0.0015 0.1794 0.3162 0.0658 
300ppmW <0.0001 0.0036 0.4609 0.2731 
300ppmWO <0.0001 0.0006 0.5700 0.3560 
600ppmW <0.0001 <0.0001 0.8293 0.5503 
600ppmWO 0.0051 0.0003 0.2561 0.3890 
a Added P treatments. 
b With or without a surface screen cover. 
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Table A-17 PO4-P in surface runoff for 5 added P treatments with and without a surface screen cover 
28d 32 36 40 44 48 52 56 60 64 
------------------------mg/L-----------------
Aa Ob we 0.056 0.052 0.052 0.050 0.049 0.046 0.045 0.045 0.043 0.079 
B 0 w 0.067 0.057 0.063 0.061 0.062 0.056 0.060 0.053 0.054 0.060 
C 0 w 0.067 0.071 0.065 0.061 0.064 0.061 0.055 0.058 0.051 0.064 
A 0 WO 0.042 0.083 0.027 0.075 0.051 0.050 0.053 0.052 0.046 0.046 
B 0 WO 0.066 0.053 0.060 0.054 0.053 0.047 0.047 0.050 0.047 0.068 
C 0 WO 0.060 0.050 0.053 0.054 0.104 0.063 0.147 0.052 0.049 0.053 
A 50 w 0.130 0.146 0.149 0.129 0.129 0.120 0.118 0.105 0.103 0.170 
B 50 w 0.142 0.155 0.138 0.132 0.131 0.123 0.120 0.120 0.111 0.163 
C 50 w 0.144 0.136 0.128 0.118 0.125 0.115 0.113 0.105 0.106 0.101 
A 50 WO 0.188 0.177 0.160 0.143 0.156 0.121 0.111 0.112 0.109 0.099 
B 50 WO 0.158 0.149 0.138 0.128 0.114 0.113 0.113 0.107 0.104 0.096 
C 50 WO 0.161 0.153 0.145 0.133 0.128 0.128 0.124 0.122 0.117 0.111 
A 125 w 0.340 0.321 0.286 0.263 0.244 0.226 0.214 0.200 0.191 0.186 
B 125 w 0.393 0.347 0.316 0.294 0.263 0.247 0.237 0.219 0.207 0.199 
C 125 w 0.315 0.306 0.294 0.273 0.250 0.236 0.273 0.214 0.214 0.178 
A 125 WO 0.508 0.494 0.420 0.243 0.222 0.203 0.188 0.181 0.170 0.160 
B 125 WO 0.414 0.413 0.340 0.289 0.275 0.241 0.237 0.207 0.207 0.205 
C 125 WO 0.320 0.302 0.308 0.278 0.255 0.218 0.209 0.192 0.192 0.183 
A 300 w 0.976 0.974 0.829 0.714 0.612 0.566 0.499 0.451 0.416 0.388 
B 300 w 0.706 0.698 0.645 0.573 0.369 0.483 0.443 0.506 0.432 0.389 
C 300 w 0.882 0.700 0.551 0.525 0.462 0.435 0.437 0.420 0.401 0.402 
A 300 WO 1.123 1.281 0.815 0.733 0.609 0.556 0.513 0.447 0.428 0.393 
B 300 WO 0.894 0.723 0.649 0.588 0.515 0.467 0.423 0.402 0.388 0.385 
C 300 WO 0.773 0.637 0.588 0.538 0.507 0.458 0.423 0.385 0.374 0.369 
A 600 w 1.122 1.070 0.176 0.906 0.796 0.716 0.681 0.671 0.624 0.564 
B 600 w 1.337 1.344 1.251 1.111 0.947 0.861 0.793 0.755 0.695 0.677 
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Table A-17 continued 
28d 32 36 40 44 48 52 56 60 64 
------------------------mg/L-----------------
C 600 w 1.400 1.394 1.553 1.560 1.370 1.123 1.215 1.067 1.080 0.968 
A 600 WO 1.369 1.312 1.232 1.144 1.032 0.881 0.856 0.780 0.685 0.702 
B 600 WO 1.528 1.463 1.432 1.342 1.236 1.082 0.994 0.878 0.866 0.759 
C 600 WO 1.350 1.184 1.055 0.963 0.886 0.828 0.786 0.810 0.720 0.659 
a 3 rep. 
b 5 added Prates (ppm). 
c With or without a screen cover in soil surface. 
d Time from rainfall beginning (min). 
Table A-18 ANOV A of P04-P in surface runoff for 5 added P treatments with and without a surface 
screen cover 
Source DF ss MS F Value Pr>F 
rep 2 0.01620409 0.00810204 0.92 0.4002 
rate 4 36.65703091 9.16425773 1039.84 <.0001 
rep*rate 8 0.90664475 0.11333059 12.86 <.0001 
meth 0.01249365 0.01249365 1.42 0.2350 
rep*meth 2 0.27670249 0.13835124 15.70 <.0001 
rate*meth 4 0.00985945 0.00246486 0.28 0.8910 
time 9 2.48911468 0.27656830 31.38 <.0001 
rate*time 36 2.10919069 0.05858863 6.65 <.0001 
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Table A-19 Overall average PO4-P concentrations in surface runoff from pans with and without a surface 
screen cover 
32 36 40 44 48 52 56 60 64 
---------------------------------mg/L----------------------------------
Wb 0.5385bc 0.5181a 0.433 la 0.4513a 0.3915a 0.3609a 0.3535a 0.3326a 0.3152a 0.3059a 
WO 0.5969a 0.5649a 0.4948a 0.4470a 0.4095a 0.3637a 0.3483a 0.3185a 0.3001a 0.2859a 
a Time from the beginning of rainfall event. 
b Added P treatments. 
ca and b indicate significant difference between the pans with and without a screen cover. 
Table A-20 Average PO4-P concentrations in surface runoff as a function of added Prate 
28" 32 36 40 44 48 52 56 60 64 
mg/L 
0ppmb 0.0597dc 0.0610d 0.053c 0.0592c 0.0638c 0.0538c 0.0678c 0.0517c 0.0483c 0.0617c 
50ppm 0.1538d 0.1527d 0.1430c 0.1305c 0.1305c 0.1200c 0.1165c 0.1118c 0.1083c 0.1233c 
125ppm 0.3817c 0.3638c 0.3273bc 0.2733c 0.2515bc 0.2285c 0.2263bc 0.2022c 0.1968c 0.1852c 
300ppm 0.8923b 0.8355b 0.6795ab 0.6118b 0.5123b 0.4942b 0.4563b 0.4352b 0.4065b 0.3877b 
600ppm 1.35 lOa 1.2945a 1.1165a 1.1710a 1.0445a 0.9152a 0.8875a 0.8268a 0.7783a 0.7215a 
a Time from the beginning of rainfall event. 
b Added P treatments. 
C a, b, c, and d indicate significant difference among five added P rates. 
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Table A-21 TDS in surface runoff for 5 added P treatments with a surface screen cover 
28c 32 36 40 44 48 52 56 60 64 
------------------mg/L-----------------------
Aa Qb 366.8 532.4 479.0 369.1 372.6 363.9 346.4 359.4 385.4 385.4 
B 0 305.4 248.1 261.6 288.6 266.5 295.2 352.5 330.2 285.7 285.7 
C 0 421.7 353.4 358.0 367.1 372.1 367.7 358.8 375.8 409.8 409.8 
A 50 405.7 495.8 456.6 378.2 358.1 381.6 428.7 440.9 465.3 465.3 
B 50 391.0 391.0 383.1 367.4 367.4 387.7 413.5 452.1 503.6 503.6 
C 50 376.4 375.7 375.7 376.8 377.4 382.3 424.7 445.9 445.9 445.9 
A 125 848.6 758.2 665.1 554.3 527.6 422.0 419.3 524.7 515.9 344.2 
B 125 573.6 509.8 472.6 430.5 413.4 397.0 388.3 388.0 384.5 417.5 
C 125 678.5 695.3 637.9 591.9 512.4 493.9 466.2 481.6 505.0 495.5 
A 300 431.8 404.8 398.7 401.1 348.2 434.9 340.1 269.5 253.9 451.7 
B 300 807.1 705.8 628.5 575.1 538.7 490.9 516.3 438.1 464.8 478.5 
C 300 888.4 817.6 757.1 708.0 690.1 681.2 653.3 812.5 767.7 756.6 
A 600 594.5 527.8 503.0 489.5 480.8 476.3 489.1 472.2 493.9 585.3 
B 600 832.1 736.5 697.2 621.4 598.3 584.9 616.2 631.7 543.7 741.2 
C 600 1406.7 1131.6 1075.6 986.1 959.4 942.5 1050.1 1126.5 951.1 1216.3 
a 3 rep. 
b 5 added P rates (ppm). 
c Time from rainfall beginning (min). 
Table A-22 ANOV A for TDS in runoff water from Soil Pans with added P 
Source DF Type I SS Mean Square F Value Pr > F 
rate 4 2819634.391 702408.598 238.34 <.0001 
time 9 317050.706 35227.856 11.95 <.0001 
rate*time 36 336951.137 9359.754 3.18 <.0001 
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Table A-23 Overall average TDS concentrations in surface runoff from pans with and without a surface 
screen cover 
min 32 36 40 44 48 52 56 
--------------------------mg/L--------------------------------
622 578 543 500 
a Time from the beginning of rainfall event. 
b Soil pan with a screen cover. 
478 473 484 503 
60 
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Table A-24 Average TDS concentration in surface runoff as a function of added P rate 
28a 32 36 40 44 48 52 56 60 
mg/L 
0ppmb 365cc 378c 366c 342c 337c 342c 353c 355c 360c 
50ppm 391c 421c 405c 374c 368c 384c 422c 446b 472b 
125 ppm 700b 654b 592b 526b 484b 438c 425c 465b 468b 
300ppm 709b 643b 595b 561b 526b 536b 503b 507b 495b 
600ppm 944a 799a 759a 699a 680a 668a 718a 744a 663a 
a Time from the beginning of rainfall event 
b Added P treatments. 
c a, b, and c indicate significant differences among five added P rates. 
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532 
64 
360c 
472c 
419c 
562b 
848a 
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Table A-25 Relationship between ECb in top layer soil and TDS in surface runoff 
0ppma 50ppm 125ppm 300ppm 600ppm 
EC TDS EC TDS EC TDS EC TDS EC TDS 
ms/cm mg/L ms/cm mg/L ms/cm mg/L ms/cm mg/L ms/cm mg/L 
0.3045 373 0.3802 408 0.4692 700 0.6027 680 0.6577 903 
0.3024 389 0.3622 421 0.4364 654 0.5709 622 0.5824 767 
0.3020 371 0.3509 413 0.4144 592 0.5469 583 0.5451 728 
0.3016 344 0.3433 389 0.3994 524 0.5288 555 0.5206 680 
0.3006 342 0.3368 382 0.3868 484 0.5126 515 0.5023 663 
0.2994 346 0.3323 408 0.3777 437 0.4986 532 0.4899 653 
0.2988 352 0.3269 445 0.3703 424 0.4864 497 0.4791 699 
0.2959 353 0.3207 474 0.3639 463 0.4752 478 0.4685 711 
0.2933 363 0.3103 329 0.3585 467 0.4648 467 0.4592 648 
0.2913 362.57 0.3061 480.65 0.3532 412.39 0.4531 558.73 0.4494 812.24 
a Added P treatments. 
Table A-26 ANOV A of Regression between ECb in top layer soil and TDS in surface runoff 
Regression DF ss MS F value P value 
Oppma 1 96.74024 96.74024 0.40 0.5452 
50ppm 1 348.67946 348.67946 0.16 0.7014 
125 ppm 1 84105 84105 106.59 <0.0001 
300 ppm 1 29550 29550 23.25 0.0013 
600ppm 1 25187 25187 6.00 0.0399 
a Added P treatments. 
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Table A-27 ANOV A of regression of ECb in soil and TDS in runoff for O ppm added P treatment with a 
screen cover) 
Source DF SS MS F Value Pr > F 
Model 1 96.74024 96.74024 0.40 0.5452 
Error 8 1939.30712 242.41339 
Corrected Total 9 2036.04736 
Table A-28 ANOV A of regression of ECb in top layer soil and TDS in runoff for 50 ppm added P 
treatment with a screen cover 
Source DF SS MS F Value Pr> F 
Model 1 348.67946 348.67946 0.16 0.7014 
Error 8 17651 2206.32857 
Corrected Total 9 17999 
Table A-29 ANOV A of regression of ECb in top layer Soil and TDS in runoff for 125 ppm added P 
treatment with a screen cover 
Source DF ss MS F Value Pr > F 
Model 1 84105 84105 106.59 <.0001 
Error 8 6312.43488 789.05436 
Corrected Total 9 90417 
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Table A-30 ANOV A of regression of ECb in top layer soil and TDS in Runoff for 300 ppm added P with 
a screen cover 
Source DF ss MS F Value Pr > F 
Model 29550 29550 23.25 0.0013 
Error 8 10167 1270.91966 
Corrected Total 9 39717 
Table A-31 ANOV A of regression of EC in top soil layer and TDS in Runoff for 600 ppm added P 
treatment with a screen cover 
Source DF ss MS F Value Pr > F 
Model 25187 25187 6.00 0.0399 
Error 8 33567 4195.86025 
Corrected Total 9 58754 
Table A-32 TDS in surface runoff linearly related to ECb in top layer soil 
rate Transfer function R 
0ppma TDS=133.031 +757.361EC 0.0475 
50ppm TDS=505.903-269.754EC 0.0194 
125ppm TDS=-499.629+2583.817EC 0.9302 
300ppm TDS=-60.353+ 1185.029EC 0.7440 
600ppm TDS=304.017+819.537EC 0.4287 
a Added P treatments. 
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Table A-33 Relationship between ECb in top layer soil and P04 -P in surface runoff 
0ppma 50ppm 125 ppm 300ppm 600ppm 
EC P04 EC P04 EC P04 EC P04 EC P04 
ms/cm mg/L ms/cm mg/L ms/cm mg/L ms/cm mg/L ms/cm mg/L 
0.3045 0.06 0.3802 0.14 0.4692 0.35 0.6027 0.85 0.6577 1.29 
0.3024 0.06 0.3622 0.15 0.4364 0.32 0.5709 0.79 0.5824 1.27 
0.3020 0.06 0.3509 0.14 0.4144 0.30 0.5469 0.68 0.5451 1.33 
0.3016 0.06 0.3433 0.13 0.3994 0.28 0.5288 0.60 0.5206 1.19 
0.3006 0.06 0.3368 0.13 0.3868 0.25 0.5126 0.48 0.5023 1.04 
0.2994 0.05 0.3323 0.12 0.3777 0.24 0.4986 0.49 0.4899 0.90 
0.2988 0.05 0.3269 0.12 0.3703 0.24 0.4864 0.46 0.4791 0.90 
0.2959 0.05 0.3207 0.11 0.3639 0.21 0.4752 0.46 0.4685 0.83 
0.2933 0.05 0.3103 0.11 0.3585 0.20 0.4648 0.42 0.4592 0.80 
0.2913 0.07 0.3061 0.14 0.3532 0.19 0.4531 0.39 0.4494 0.74 
a Added P treatments. 
Table A-34 ANOV A of Regression between ECb in top layer soil and P04-P in surface runoff 
Regression DF ss MS F value P value 
Oppmawb 1 9 .422885E-7 9 .422885E-7 0.03 0.8658 
0ppmWO 1 0.00040759 0.00040759 2.33 0.1547 
50ppmW 1 0.00049104 0.00049104 3.08 0.1176 
50ppmWO 1 0.01803 0.01803 150.61 <0.0001 
125 ppm W 1 0.02878 0.02878 251.50 <0.0001 
125 ppm WO 1 0.23777 0.23777 349.13 <0.0001 
300ppmW 1 0.26156 0.26156 220.36 <0.0001 
300ppm WO 1 1.26800 1.26800 126.93 <0.0001 
600ppmW 0.42597 0.42597 29.84 0.0004 
600ppmWO 1 1.17673 1.17673 36.82 <0.0001 
a Added P treatments; 
b Soil pan with and without a screen cover. 
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Table A-35 ANOV A of regression of ECh in top layer soil and PO4-P in runoff for O ppm added P and 
wth screen cover 
Source DF ss MS FValue Pr>F 
Model 1 9 .422885E-7 9 .422885E-7 0.03 0.8658 
Error 9 0.00028038 0.00003115 
Corrected Total 10 0.00028133 
Table A-36 ANOV A of regression of ECh in top layer soil and PO4 in runoff (0 ppm added P and without 
screen cover 
Source DF SS MS F Value Pr>F 
Model 1 0.00040759 0.00040759 2.33 0.1547 
Error 11 0.00192 0.00017456 
Corrected Total 12 0.00233 
Table A-37 ANOV A of regression of ECh in top layer soil and PO4 in runoff for 50 ppm added P and 
with screen cover 
Source DF SS MS F Value Pr> F 
Model 1 0.00049104 0.00049104 3.08 0.1176 
Error 8 0.00128 0.00015966 
Corrected Total 9 0.00177 
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Table A-38 ANOV A of regression of ECb in top layer soil and PO4-P in runoff for 50 ppm added 
P and without screen cover 
Source DF SS MS F Value Pr > F 
Model 1 0.01803 0.01803 150.61 <.0001 
Error 11 0.00132 0.00011969 
Corrected Total 12 0.01934 
Table A-39 ANOV A of regression ECb in top layer soil and PO4-P in runoff for 125 ppm added P and 
with screen cover 
Source DF SS MS F Value Pr > F 
Model 1 0.02878 0.02878 251.50 <.0001 
Error 9 0.00103 0.00011443 
Corrected Total 10 0.02981 
Table A-40 ANOVA of regression ofECb in top layer soil and PO4-P in runoff for 125 ppm added P and 
without screen cover 
Source DF ss MS F Value Pr> F 
Model 0.23777 0.23777 349.16 <.0001 
Error 11 0.00749 0.00068099 
Corrected Total 12 0.24526 
82 
Table A-41 ANOV A of regression of ECb in top layer soil and P04-P in Runoff for 300 ppm added P and 
with screen cover 
Source DF ss MS F Value Pr> F 
Model 0.26156 0.26156 220.36 <.0001 
Error 9 0.01068 0.00119 
Corrected Total 10 0.27224 
Table A-42 ANOV A of regression of ECb in top layer soil and P04-P in runoff for 300 ppm added P and 
without screen cover 
Source DF ss MS F Value Pr> F 
Model 1.26800 1.26800 126.93 <.0001 
Error 11 0.10988 0.00999 
Corrected Total 12 1.37789 
Table A-43 ANOV A of regression of ECb in top layer soil and P04-P in Runoff for 600 ppm added P and 
with screen cover 
Source DF SS MS FValue Pr>F 
Model 1 0.42597 0.42597 29.84 0.0004 
Error 9 0.12847 0.01427 
Corrected Total 10 0.55444 
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Table A-44 ANOV A of regression of ECb in top layer soil and PO4-P in runoff for 600 ppm added P and 
without a screen cover 
Source DF ss MS F Value Pr> F 
Model 1.17673 1.17673 36.82 <.0001 
Error 11 0.35151 0.03196 
Corrected Total 12 1.52823 
Table A-45 PO4-P in surface runoff linearly related to ECb in top layer soil 
rate Transfer function R 
Oppmawb PO4-P=0.0378+2.6632EC 0.0033 
0ppmWO PO4-P=-0.0763+ 17.311 lEC 0.1751 
50ppmW PO4-P =0.01529+ 13.22657EC 0.2777 
50ppmWO PO4-P=-0. l 701 +37.8968EC 0.9319 
125 ppmW PO4-P=-0.3161 +58.3031EC 0.9655 
125 ppm WO PO4-P=-0.3125+52.4541EC 0.9695 
300ppmW PO4-P=-1.1146+ 131.5079EC 0.9608 
300ppmWO PO4-P=-l .2751 + 144.7107EC 0.9203 
600ppmW PO4-P =-0.6559+ 130.6908EC 0.7683 
600ppm WO PO4-P =-0.9447+155.4189EC 0.7700 
a Added P treatments. 
b With or without a surface screen cover. 
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SAS program 1 (for relationships between ECb and PO4-P and TDS) 
options ls= 132 ps =66; 
filename tdrdatal 'tdrl.dat'; 
data mydatal; 
infile tdrdatal; 
input id $ y x; 
proc print data=mydatal; 
run; 
proc plot data=mydatal; 
plot y*x =id/hpos = 80; 
run; 
proc reg data=mydatal; 
model y = x/r influence; 
run; 
SAS program 2 *(for significant analyses of replication, with or without a screen cover and 
five added Prates on ECb, PO4-P and TDS) 
options nodate nonumber ls=75 formdlim='_'; 
filename tdrdata2 'tdr2.dat'; 
data a; 
infile tdrdata2; 
input obs rep$ rate meth$ ec28 ec32 ec36 ec40 ec44 ec48 ec52 ec56 ec60 ec64; 
proc print data=a; 
run; 
data b; set a; 
time=28; ec=ec28;output; 
time=32; ec=ec32;output; 
time=36; ec=ec36;output; 
time=40; ec=ec40;output; 
time=44; ec=ec44;output; 
time=48; ec=ec48 ;output; 
time=52; ec=ec52;output; 
time=56; ec=ec56;output; 
time=60; ec=ec60;output; 
time=64; ec=ec64;output; 
drop ec28 ec32 ec36 ec40 ec44 ec48 ec52 ec56 ec60 ec64; 
proc print; 
run; 
proc sort data=b; 
by time; 
run; 
proc glm data=b; 
by time; 
class rep rate meth; 
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model ec=rep rate rep*rate meth rep*meth rate*meth rep*rate*meth; 
test h=rate e=rep*rate; 
lsmeans rep/e=rep*rate stderr; 
lsmeans rate meth rate*meth /stderr; 
run; 
*This program is for ECb, If analyses for PO4-P and TDS, the parameters are PO4-P, and 
TDS, relatively, instead of ECb, 
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Figure A-1 Average water balance for five added P treatments, and for pans with and without a surface 
screen cover 
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Figure A-2a Rainfall, surface runoff and subsurface drainage rates, and volumetric water content in top 
soil during rainfall simulation for O ppm added P treatment with a screen cover 
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Figure A-2b Rainfall, surface runoff and subsurface drainage rates, and volumetric water content in top 
soil during rainfall simulation for O ppm added P treatment without a screen cover 
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Figure A-2c Rainfall, surface runoff and subsurface drainage rates, and volumetric water content in top 
soil during rainfall simulation for 50 ppm added P treatment with a screen cover 
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Figure A-2d Rainfall, surface runoff and subsurface drainage rates, and volumetric water content in 
top soil during rainfall simulation for 50 ppm added P treatment without a screen cover 
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Figure A-2e Rainfall, surface runoff and subsurface drainage rates, and volumetric water 
content in top soil during rainfall simulation for 125 ppm added P treatment with a screen cover 
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Figure A-2f Rainfall, surface runoff and subsurface drainage rates, and volumetric water 
content in top soil during rainfall simulation for 125 ppm added P treatment without a screen cover 
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Figure A-2g Rainfall, surface runoff and subsurface drainage rates, and volumetric water 
content in top soil during rainfall simulation for 300 ppm added P treatment with a screen cover 
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Figure A-2h Rainfall, surface runoff and subsurface drainage rates, and and volumetric water 
content in top soil during rainfall simulation for 300 ppm added P treatment without a screen cover 
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Figure A-2i Rainfall, surface runoff and subsurface drainage rates, and volumetric water 
content in top soil during rainfall simulation for 600 ppm added P treatment with a screen cover 
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Figure A-2j Rainfall, surface runoff and subsurface drainage rates, and volumetric water 
content in top soil during rainfall simulation for 600 ppm added P treatment without a screen cover 
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Figure A-3 TDS concentration versus time for fivr rates of added P 
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Figure A-4 EC calibration curve 
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Figure A-Sa ECb in the top layer of soil and TDS concentrations in surface runoff versus time for O ppm 
added P rate with a screen cover 
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Figure A-Sb ECb in the top layer of soil and TDS concentrations in surface runoff versus time for 50 ppm 
added P rate with a screen cover 
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Figure A-Sc ECb in the top layer of soil and TDS concentrations in surface runoff versus time for 125 
ppm added P rate with a screen cover 
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Figure A-Sd ECb in the top layer of soil and TDS concentrations in surface runoff versus time for 300 
ppm added P rate with a screen cover 
_ 0.8 .....--------------- 8000 _ 
5 0.6 6000 l 0.4 ••••• • 4000 s 
(.) 0.2 2000 
w O •••• • l-
o 10 20 30 40 50 60 70 
Figure A-Se ECb in the top layer of soil and TDS concentrations in surface runoff versus time for 600 
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Figure A-6a ECb in the top layer of soil versus TDS concentrations in surface runoff for 0 ppm added P 
rate and with a screen cover 
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Figure A-6b ECb in the top layer of soil versus TDS concentrations in surface runoff for 50 ppm added P 
rate and with a screen cover 
800 
600 y = 106594x - 533.26 
C) 
R2 = 0.93 .§. 400 
"' C 200 ._ 
0 
0 0.005 0.01 0.015 
EC (1/ohms) 
Figure A-6c ECb in the top layer of soil versus TDS concentrations in surface runoff for 125 ppm added P 
rate and with a screen cover 
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Figure A-6d ECb in the top layer of soil versus TDS concentrations in surface runoff for 300 ppm added P 
rate and with a screen cover 
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Figure A-6e ECb in the top layer of soil versus TDS concentrations in surface runoff for 600 ppm added P 
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2 -,--------....- 0.025 
1.5 10.02 .s::. ;;- 1 0.015 o ..., I _______ 11-J .  :;:: 
0.5 + 0.005 0 
o , , 1111m,mu• o w 
0 1020304050607080 
Time (min) 
I 
Figure A-7a ECb in the top layer of soil versus P04-P concentrations in surface runoff for 0 ppm added P 
rate with a screen cover 
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Figure A-7b ECb in the top layer of soil versus PO4-P concentrations in surface runoff for 50 ppm added 
P rate with a screen cover 
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Figure A-7c ECb in the top layer of soil versus P04-P concentrations in surface runoff for 125 ppm added 
P rate with a screen cover 
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Figure A-7d ECb in the top layer of soil versus PO4-P concentrations in surface runoff for 300 ppm added 
P rate with a screen cover 
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Figure A-7e ECb in the top layer of soil versus P04-P concentrations in surface runoff for 600 ppm added 
P rate with a screen cover 
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Figure A-7f ECb in the top layer of soil versus P04-P concentrations in surface runoff for O ppm added P 
rate without a screen cover 
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Figure A-7g ECb in the top layer of soil versus P04-P concentrations in surface runoff for 50 ppm added 
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Figure A-7h ECb in the top layer of soil versus P04-P concentrations in surface runoff for 125 ppm added 
P rate without a screen cover 
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Figure A-7i ECb in the top layer of soil versus PO4-P concentrations in surface runoff for 300 ppm added 
P rate without a screen cover 
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Figure A-7j ECb in the top layer of soil versus P04-P concentrations in surface runoff for 600 ppm added 
P rate without a screen cover 
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Figure A-Sa PO4-P concentrations in runoff versus time for five rates of added P with a screen cover 
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